'  AERONAUTIC  SYMBOLS 

1.  FUNDAMENTAL  AND  DERIVED  UNITS 


Symbol 


Length - 
Time— 
Force— 


Metric 

English 

Unit 

Abbrevia¬ 

tion 

Unit 

Abbrevia¬ 

tion 

meter - 

second - - 

weight  of  X  kilogram . 

m 

s 

kg 

foot  (or  mile) - - - 

second  (or  hour) - 

weight  of  1  pound - 

ft  (or  mi) 
sec  (or  hr) 
lb 

horsepower  (metric) - 

/kilometers  per  hour - 

\meters  per  second . - 

kph 

mps 

horsepower . . 

miles  per  hour-- - - 

feet  per  second - 

hP 

mph 

fps 

2.  GENERAL  SYMBOLS 


w  .  p  Kinematic  viscosity 

8r*Ti”“9'80665  B,s' .  * :«r  0 

or  32.1740  ft/sec  .  ■  and  760  mm;  or  0.002378  lb-fir*  sec* 

Mass=—  '  Specific  weight  of  "standard”  air,  1.2266  kg/m*  or 

Moment*  of  inertia^mfc*.  (Indicate  axis  of  0.07651  lb/cu ft  r,  :  V,' .7>> 

radius  of  gyration  k  by  proper  subscript.) 

Coefficient  of  viscosity  - 

8.  AERODYNAMIC  SYMBOLS  "  ;  v-vS- 

.  iv  Angle  of  flatting  of  wings  (relative  to  thrust  line) 

Area  of  wing  V  Angle  of  stabilizer  setting  (relative  to  thrust 

line)  •**  \  .  ^ 

r*aP  r  Q  Resultant  moment  C 

*Pan  ,  q  Resultant  angular  velocity 

Chord  VI  >  j* 

Aspect  ratio,  §  R  Reynolds  number,  prj  where  l  is  a  linear  dimen- 

TYna  air  sDeed  sion  (e.g.,  for  an  airfoil  of  1.0  ft  chord,  100  mph, 

2  •  standard  pressure  at  15°  C,  the  corresponding 

Dynamic  pressure,  ^pF*  Reynolds  number  is  935,400;  or  for  an  airfoil 

L  of  1.0  m  chord,  100  mps,  the  corresponding 

Lift,  absolute  coefficient  Reynolds  number  is  6,865,000) 

.  n  D  a  Angle  of  attack 

Drag,  absolute  coefficient  €  Angle  of  downwash 

^  -  D0  a0  Angle  of  attack,  infinite  aspect  ratio 

Profile  drag,  absolute  coefficient  Angle  0f  attack,  induced  .  ;  ; 

,  _  .  •  -  Dt  aa  Angle  of  attack,  absolute  (measured  from  zero- 

induced  drag,  absolute  coefficient  VDi—  ~g  \  fift  position) 

D,  y  Flight-path  angle  ,  -  '  i ; 


Area 

Area  of  wing 
Gap 
Span 
Chord 

A  ■  & 

;  Aspect  ratio,  -g 
True  air  speed 


Dynamic  pressure,  ^pV* 

’  .  ^  L 

Lift,  absolute  coefficient 

D 

Drag,  absolute  coefficient  Cd — 
Profile  drag,  absolute  coefficient  Cz>0= 


a 

< 

A 

<*0 

=qS 

<x( 

_D, 

qS 

D, 

7 

’~qS 

Parasite  drag,  absolute  coefficient 

Q 

Cross-wind  force,  absolute  coefficient 
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i  >v  I  >  k \ .i  \  m  i  n  I’in  ki.i.  and  I  aviso  M.  Wake 


SI  '.M.MAKY 

(  harts  art  prt  st  nft  d  for  com  put  >  mf  thrust .  fi/tl  cons  um  pftn/i . 
and  <>( fur  pt  rtorma net  ra/uts  <a  ti  turbopt  t/opm  for  a /,\j  (prt  n 
st  f  of  optrafauf  conditions  a  ml  com  mount  >  the  u  nc  it  s .  I’ht 
(diets  <>J  pass  art  losst  s  t  n  fin  mitt  duct  ami  flu  ent/t hits! um 
eh  am  In  r.  <>i  raru/tum  m  ph/fs/cal  projnrtus  nj  tin  (jt/s  as  if 
l/tfssts  fhmUtfh  flu  sifsttln,  of  rthtt/fma  nf  fht  UUs  <lu(  ft)  turbi/u 
losst  s,  ami  nf  chant} t  m  mass  tfmr  In/  fh(  addition  nt  f)((l  an 
meludtd.  flu  f/nncif/al  pt  rtornui  net  eharf  shturs  fin  <  diets 
of  primai 7/  earu/blts  and  corrtctmn  eharts  prnrnlt  flu  t/itefs  of 
st  ctmdara  eanahl/s  and  <d  / i/rhi m  -loss  nluat  on  flu  pt  rfor/n- 
a  net  of  fin  si/sft  m . 

In  otdtr  to  /II usfraft  stunt  of  fht  f  urhop  f-t  tnj/ nt -pt  rforma net 
eharaeft  r/sf ies ,  fht  thrust  pi  r  and  mass  raft  of  tur  (loir  and  flu 
sjuctf/e  Jut  I  consumption  an  pnstnfn!  for  a  trait  rantft  of 
fl  1  (fht  and  t/uftiu  optraftntf  conditions .  Jf  is  shoii'/t  that 
alt  h  outfit  thrust  p<  r  unit  mass  raft  of  tur  fhur  inert  asts  mfh 
men  (1st  d  combust unt-cha /nbt  r-outh  f  hmptraturt ,  an  optimum 
combust  ion -cha  min  r-ou  fit  t  ft  /apt  rat  art  t.risfs  for  mfnhnum 
sptc/fic  tut!  consumption.  This  optimum  Umptratun,  in 
stunt  casts ,  matj  hi  Itss  than  tin  It /tut  tut/  ft  m  pt  rat  an  impost  d 
bif  sfrt  nath-tt  m pt  rat urt  eharaeft  ristics  of  caret  nf  matt  rials. 

Hu  i/i  flutnet  of  eharaeft  nsf  tcs  nt  a  tpctn  comprtssor  and 
turban  on  ptrjormanct  of  a  t  urbout  t  m/mt  conta  >  n  i  tuj  a  niatcht  d 
st  t  of  fht  st  tpctn  com  pom  /its  is  d  tscusst  d  fora/sts  of  an  tntpnt 
u'/th  a  t‘t  nfn  t  utftil-floir  co/n  prt  ssnr  am!  of  an  tntpnt  irifh  an 
tt.ru/l-tloii'  cn/n  p/-,  ssnr. 

INTROOrc TION 

Sonic  1  hermody  iim  111  ic  studies  have  been  made  of  turbojet 
engines  in  which  equations  or  charts  for  obtaining  tin*  engine 
performance  arc  presented  and  in  which  performance  trends 
are  indicated  (references  1  to-{).  A  si  ndy  of  design  and  stress 
limitations  relalinir  to  1 1 1  rho j (' t  engines  is  idven  in  reference 
o.  The  |Hir[)ose  of  the  present  report  is  to  provide  charts 
in  which  a  factor  indicative  of  engine  performance  is  tdven 
in  t (•  r n  1  s  td  primary  lliirht  and  engine  operating  paraimitcirs. 

I*  nun  these  charts,  (lie  engine  performance  for  a  ^iven  set 
«d  primary  parameters  can  he  quickly  evaluated  and  an  in- 
sisrhl  is  provided  into  the  deirree  of  change  of  performance 
possible  t  h  ro  1 1  <_rh  change  in  the  parameters.  'The  principal 
performance  chart  contains  only  the  primary  parameters. 
The  (‘fleets  of  secondary  parameters  are  in!  rod  need  t  hrousrh  a 
correction  factor  iriven  in  a  correction  chart. 


An  insight  into  some  of  tin*  performance  eharaeterist  ics 
of  the  turbojet  enirine  is  obtained  from  calculated  results 
showing  the  effects  of  varying  comlnist ion-chamher-nul let 
t  cm  pera  I  u  re  and  compressor  pressure  ratio  on  thrust  per 
unit  mass  rate  of  air  flow  and  specific  find  consumption. 

I  These  results  are  for  constant  component  efliciencies  and  for 
!  a  ranire  of  fli«rhl-speed  and  altitude  conditions. 

Also  discussed  herein  is  tin1  matching  of  (‘omponents  of  a 
turbojet  enirine.  (\aleuhited  results  that  illustrate  how  t  lie 
performance  characteristics  of  a  iriven  turbojet  enirine  are 
related  to  the  peidormance  characteristics  of  its  components 
:  are  pres(‘nt(*d.  Two  engines  an*  used  in  this  study,  om*  with 
a  c(*nt  rif  uiral-llow  nunpivssor  and  one  with  an  axial-flow 
;  compressor.  'Flu*  manner  in  which  l  h<*  performance  of  each 
enirine  varies  as  engine  operating  conditions  vary  from  the 
design  point  is  also  illust  rail'd  for  t  hr  rases  of  1 110  enirine  wit  h 
!  a  fixed-area  exhaust  nozzle  and  of  the  enirine  with  a  variable- 
area  exhaust  nozzle, 
j  SVMHOIS 

Fix*  significance  ol  1  he  symbols  appearing  in  t  be  (  harts  and 
|  in  tin*  subsequent  discussion  is  as  follows: 

'  effective  e.xhaust-nozzh'  area,  (sq  ft) 

:  (For  an  isentropic  ('\[)ansion  in  (‘xhaust  no/.zh', 

flow  throuirh  area  A„  is  equal  to  actual  mass 
flow  throuirh  nozzle.) 

u.b.e  factors  that  measure  effects  produced  by  secondary 
variables 

|  H  ratio  of  compressor  lip  speed  I  to  turbine-blade 
■  speed  // 

(\  velocity  coeflicient  of  exhaust  nozzle 
|  e/t  ll  specific  h(*a  t  of  air  a  t  constant  pressure  a  I  Y’„  -  K, 

!  7.7;;  (Bill  (sluir) (°F) ) 

!  crK  averaire  specific  lu'at  at  constant  pressure  of  exlmiisf. 

|  iras(‘s  durinir  expansion  proci*ss.  (  Bt  11/ (slujrJ (°F) )• 

i  (This  trnii,  w  hen  used  with  temperature  clmnire 

i  accompa nyinir  expansion,  ^i\u‘s  change  in  (*iLthal|)v 

|  per  unit  mass.  1 

i  V  ii(*t  t  lirust ,  (lb) 

/  fmd-air  ratio 

!  h  lower  lieu tintr  value  of  find.  fBlu/Ib) 

!  J  mechanical  ecpiivah'nt  of  heal,  77 N  (ft-Ib/Btu) 

I  A f  comprt'ssor  slip  fatdor.  equal  to  ratio  of  compressor- 
shaft  power  per  unit  mass  rail*  of  air  flow  to  square 
i  of  compressor  lip  speed,  but) 


1 


UK  POUT  NO.  K‘l 


NATIONAL  ADVISORY  ('OMMITTKK  F<>K  A  KHON  A  ITK’S 


M, 

L  \- 
/\ 
P» 

V\ 

p: 

P* 

^P'f 

A/D 


Tlt 

7’, 

T. 

T< 

th  i> 
u 

r, 

aT 

V„ 

Vt 


X 

V 

z 


(slim'  see ) 


mass  rale  of  air  flow,  (sIuji  see) 
mass  rale  of  pis  flow  through  turbin 
< ‘o m j ) ressor-sl  1  a  1 1  horsepow  ei  input 
turbine-shaft  horsepower  output 
ambient-air  pressure,  tlb  >(j  it*  absolute) 
lotal  pressure  at  compressor  inlet.  lib  sq  it  absolute) 
total  pressure  at  compressor  outlet.  (Jb  sq  It  absolute) 
}otnl  pressure  at  turl>iue  inlet,  (lb  s<(  ft  absolute) 
static  pressure  at  turbine  outlet,,  lib  sq  It  absolute) 
(fmp  jn  intal  pressure  llirotiirli  inlet  duet,  tlbsq  It) 
,|mp  m  total  pressure  through  combustion  chamberdue 
to  mccbanical  obstruction  of  burners  and  momen¬ 
tum  increase  of  pises  ilurinsr  combustion,  (lb  sq  ID 
ratio  of  drop  m  total  pressure  in  combust  ion  chamber 
to  total  pressun*  at  -compressor  out  let ,  A/o'/y 
ambient-air  temperature.  i°K) 
compressor-inlet  total  temperature.  (°U) 
compressor-out  let  total  temperature.  (°Iv) 
combust ion-ehamber-outlet  total  temperature, 
net  thrust  horsepower 
compressor  tip  speed,  (ft  see) 

t urbine-blade  speed  measured  at  turbine  pitch  hue, 

( ft./s(*e  i 

jet  loeilv,  (.It ,/s('o ) 

st*  in  jet  velocity  ilue  to  ellVet  of  turbine-loss 
reheut,  ( 1 1 /sot* ) 
airplane  velocity,  (It  ^ce) 

theoretical  t urbine-ito/./.le  jet  velocity  correspond my 
to  isentropic  expansion  of  y:tt*  trom  tnrhine-inlet 
t,,t a l  pressure  and  temperature  to  t nrbnie-onUel 
stat  ic  pressure,  (It /see). 


l  Ttr 


J\i) 


compressor  adiabatic  eflicieuey,  that  is,  ideal  power 
required  in  adiabat  iealiy  compressini:  air  Imm 
coinpressor-inlei  total  t  empera  t  ure  and  pressure 
Id  compressor-out  let  total  pressure  divided  b\ 
comprt'ssor-sha It  power 

compressor  polytropie  ellieieney  equal  to  logarithm  oi 
actual  pressure  ratio  divided  1  >y  logarithm  ol  isen- 
iropic  pressure  ratio  that  corresponds  to  actual 
temperature  ratio 

turbine  total  ellieieney,  that  is,  l  urbine-sha  ft  power 
divided  by  ideal  power  of  mis  jet  expanding 
adiabat  iealiy  from  I  urbine-inlet  total  pressun'  and 
tempera  lure  to  turbine-outlet  stalie  pressure  less 
kind ie  power  corresponding  to  a  wrap*  axial  \ 
Inrit  v  of  mis  a  t  l  urbine  out  let . 

:>r,o  rt 

Vt  \  1 

turbine-shaft  ellieieney,  that,  is,  l  urbine-sha  ft  power 
divided  by  ideal  power  of  mis  jet  expanding 
adiabat  iealiy  from  l urbiiie-inlel  total  pressure  and 
temperature  to  turbine-outlet  static  pressure, 

:>r>o/b 

7?'s  T1 

‘  MKVr 

ratio  of  lemperature  at  any  point  being  considered  to 
standard  sea-level  tempera  Lure  of  519°  It,  that  is, 
7T0/r>  19,  —  7T,/dlO,  and  so  forth 


r-  V 


A/ e  n.K  f  ■■ 
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’  P 
V  P\ 


,  ..  i“ 

J 


ilhlP\)rrf 


_(.]  Iv)™*  y:.] 


axial  component  of  pis  velocity  at  Inrl.i . . 

(  ft/SCC.) 

mass  flow  of  fuel,  (lb  hr) 

,-alio  of  compressor  pressure  ratio  p::lh  n'I'erenee 
pressun'  ratio  {/>■  p\ 1 

ratio  of  ram  temperature  rise  to  ambient-air  tempera¬ 
ture,  \  2 Jr,, /,» 

ratio  of  eompn'ssor-shafl  power  per  mitt  mass  rate  ol 
•dr  How  to  enthalpy  of  slug  of  air  at  tempera  Lure 

T,u  obt)  nX\f,Jr„,T« 

ratio  of  specific  heats  of  air,  l.f 

tenure  value  of  ratio  of  specific  heats  of  exhaust  pis 
during  expansion  process 

ratio  of  pressure  at  any  point  beiny  considered  to 
'  standard  sea-level  pressure  of  2111)  pounds  per 
square  loo',  that  is,  5„  /<,.  211(1.  fi,  211(1, 

and  so  fort ; 

correction  fad-w  that  accounts  for  over-all  elleds  pro- 
dma'd  hv  secondary  \aiiahhs 
combustion  ellieieney  equal  to  ideal  fuel-air  ratio  re¬ 
quired  to  obtain  temperature  rise  in  combustion 
chamber  from  T:  to  1\  divided  by  actual  iuel-air 

ratio 


When  variation  in  e  with  pressure  ratio  is  negligible,  then 
(/>.,//>,  )rrf  is  e<jual  to  rompiTSsor  prf'ssurt'  ratio  lor  maximum 
thrust  per  unit  mass  rate  of  air  Mow. 

METHOD  (AT  EVALUATING  TURBOJET-ENGINE 
PERFORMANCE 

ANALYSIS 

A  schematic  diagram  of  tin'  turbojet  engine  considered  is 
shown  in  figure  i.  Air  enters  tin*  inlet  duet  and  passes  tidin' 
compressor  inlet.  Part  of  the  dynamic  pressun'  ot  the  Iree- 
air  stream  is  converted  into  static  pressure  at  the  compressor 
inlet  i)V  the  diffusing  action  of  Ihe  inlet  duct.  Tin'  air  is 


‘■inlet  duct  ‘  Compressor  ‘  Combustion  ‘  Carbine  bxhousr- 
chamber  nos  sue 

'Kiiicrk  !.  Schi'iiuitic  tliiitsmm  of  lurLojrt  rnirim* 


A  TIIEKMOI)  YNAMIC  ST  I’D  Y  OF  THE  Tl'UIiOJKT  EXCINE 


further  compressed  in  passing  1 1 1  r< > t url  1  l ! i<*  compressor  and  ! 
outers  ilni  combustion  chamber  where  find  is  injected  and  i 
burned.  The  products  of  combustion  then  pass  through  | 
the  turbine  nozzles  and  blades  where  an  appreciable  drop  in 
pressure  occurs  and  finally  an*  discharged  rearwardly  through  • 
the  exhaust  nozzle  to  provide  thrust. 

The  variables  aliening  the  performance  of  the  turbojet 
engine  are  divided  into  a  primary  group  and  a  secondary 
group.  The  variables  of  the  primary  jrroup  an*  shown  on 
the  [  >  ri  n<*i  pa  I  chart  for  determining  the  performance  of  tin* 
engine.  The  variables  of  (In*  secondary  trroup  are  shown  on 
a  correction  chart  for  determining  tin*  factor  e.  usually  dost* 
to  unitv.  which  also  appears  as  a  variable  on  (In*  principal 
performance  chart . 

ddie  primarv  group  of  variables  consists  of: 

(a)  ('ompressor  adiabatic  ofliciency  rjr 
(IB  'Turbine  total  efficiency  r), 

(cl  Burner  (‘Uicicncy  r\>, 

(d)  Kxhaust-nozzle  velocity  coeHieient  (\.,  which  includes 

losses  in  tail  pipe 
tel  Airplane  velocity  IT, 
if)  (’ompressor  total-pressure  ratio  p->  p i 
(g)  Ambient-air  temperat lire  /,, 

(hi  ( ’ombust  ion-chaml)er-outle(  total  t  emperal  lire 
The  secondary  group  consists  of: 

(a  )  Ratio  of  total-pressure  drop  t hrough  inli*t  duct  caused 
bv  friction  and  turbulence  to  compressor-inlet  total 
pressure  A/v/'r 

(b)  Ratio  of  total-pressure  drop  through  combustion 

chamber  caust'd  by  mechanical  obstruction  of 
burners  and  by  momentum  increase  of  gases  during 
combustion  to  compressor-out  let  total  pressure 
A/oZ/c, 

(e)  IT  fleet  of  difference  between  physical  proper!  ies  of  cold 

air  and  hot  exhaust  teases  during  expansion  pro- 
cesses 

i  Tin*  effect  of  change  in  speeilic  heat  of  teas  during 
other  processes  is  included  in  tin*  charts.) 

( ’harts  arc  presented  from  which  thrust,  thrust  horsepower, 
and  fuel-air  ratio  can  be  evaluated  for  various  combinations 
of  design  and  operating  conditions.  'The  equations  from 
which  tin*  charts  were  prepared  are  listed  in  appendix  A 
and  are  derived  in  appendix  B.  The  following  equations 
used  in  combination  with  tin*  charts  give  the  performance 
of  the  t  urbojet  syst em.  \ 

'Flic  net  thrust  of  the  turbojet  engine,  when  the  effect  of  j 
the  added  fuel  is  neglected,  is  given  by  the  equation  j 

I 

F  Mn{Yj—  Fj  (la) 

When  the  (»lfect  of  add(*d  fut*l  is  included,  the  thrust  is  j 

given  by 

i./.lU)  111))  ! 

Tin*  net  thrust  horsepow 'er  flip  is  expressed  as 

i  It  p-=FV. JIM  (2)  i 

The  compressor-shaft  horsepower  is  given  by 

rc= M.Ji'r.a y;z/550= 5075  \/nz rn;r>\\i  c;i  j 


Tin*  com[>ressor-inh*t  total  temperature  is  obtained  from 
f\j  In  l-r  y  t  l) 

Tin*  fuel  consumption  per  unit  mass  rah*  of  air  flow  is 
given  in  terms  of  the  fuel-air  ratio  by  the  following  relation: 

llV’d/,,--  1  15,1)20./  to) 

DISCUSSION  OF  CHARTS 

By  means  of  equal  ions  (  1  i  to  (5  i  and  the  curves  of  figures  2 
to  7.  the  performance  of  tin*  turbojet  engine*  can  lx*  readily 
determined.  The  curves  art*  given  in  a  form  that  shows  the 
effects  of  tin*  variables  on  performance.  In  figures  2  to  4 
art*  shown  curves  for  evaluating  some  of  the  primary  param¬ 
eters  that  are  used  in  the  principal  performance  churl, 
figure  5  (a),  from  which  the*  jet  velocity  is  determined.  The 
fuel  -air  ratio  is  evaluated  with  the  list*  of  figures  0  and  7. 

( ’urves  for  obtaining  the  flight  Mach  number,  the  values 
of  r.  and  tin*  compressor-inlet  total  pressure  for  various 
values  of  the  factor  \  \  5 1 1)/7’0  are  shown  in  figure  2.  The 

compressor-inlet  total  temperature  is  obtained  from  the  value 
of  )  and  equal  ion  (4 ). 

'The  value  of  e,  which  accounts  for  tin*  effect  of  tin*  secondary 
group  of  variables,  is  obtained  from  figure  .4.  Tin*  quantity  t 
is  given  by  tin*  rela t ion 

€  =  1  —(/  —  />  +  c 

Factor  a,  which  gives  the  elfeet  of  total-pressure  drop 
t  hi  'ough  tin*  inlet  duct  A/;,/,  is  shown  in  figure  4  (a).  Factor 
h%  which  measures  tin*  effect  of  total-pressure  drop  through 
the  combustion  chamber  A/c>,  is  introduced  in  figure  4  (b). 
Factor  r,  which  corrects  for  the  difference  between  the 
physical  properties  of  the  hot  exhaust  gases  and  the  cold  air 
involved  in  the  computation  of  tin*  expansion  processes 
through  the  turbine  and  tin*  exhaust  nozzle,  is  given  in 
figure  4  (e).  In  general,  the  value  of  t  is  dose  to  unitv  and 
can  be  taken  as  equal  to  unity  when  a  rapid  approximation  is 
desired.  In  some  eases,  a  change  in  e  of  1  percent  may,, 
however,  introduce*  a  change  of  several  percent  in  tin*  thrust.. 

The  compressor  total-pressure  ratio  is  plotted  against,  the* 
quantity  rjrZU  1 -)->')  in  figure  4.  Tin*  compressor-shaft, 
horsepower  (and  hence  tin*  turbine-shaft  horsepower)  is 
computed  from  equation  (4)  and  tin*  value*  of  Z.  Tin*  effect 
of  tin*  variation  in  specific  heat  of  air  during  compression  is 
neglected  in  this  plot,  tin*  maximum  error  in  Z  introduced 
being  about  1  percent  for  tin*  range  of  compressor  pressure 
ratios  shown  in  figure  4  and  for  compressor-inlet  tempera- 
t  u res  up  to  550°  K. 

The  value  of  (pjpi)  rrf  plotted  against  the  factor 
TjrVte  ^  is  also  given  in  figure  4.  The  quantify 

( }h!p\)rvf  is  useful  in  t  hat  it  is  t  he  compressor  pressure  ratio  for 
maximum  thrust  per  unit  mass  rate  of  air  flow  for  any  given 

values  of  t*  and  JT  provided  that  tin*  change  in  e  with 

*ii 
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to  the  desired  1",  \  o  1 9/ 7k  line,  a  second  point  is  located  on 
tin'  riirht-hand  set  of  curves.  The  value  of  the  jet-velocity 


factor 


IVrVt 


)19  . 


■■y<v  V  /: 


is  read  as  the  value  of  the  lower  ab¬ 


scissa  of  the  second  point.  At  zero  flight  speed,  the  jet- 
velocity  factor  is  read  directly  as  the  ordinate  of  the  lirst 
point  located  on  the  Jelt-hand  si*t  oi  curves,  The  thrust  can 
t h(vn  he  computed  from  the  value  of  Vj  and  equation  (la). 
As  previously  mentioned,  the  value  ot  A  is  iotmd  by  dividing: 
the  compressor  pressure  ratio  pppi  by  the  value  of  (jh.P i  b ,-/ 
obtained  from  tillin'  4  corresponding  to  the  values  of  the 
parameters  r)c,  a;.  t.  7\,  /A  and  V  1  xd iur  considered. 

In  li^un*  ">  (a)  for  given  values  of  17,-.  77,1  7V  7\u  and  )  .  it  e 
remains  constant  as  j)2j>\  (or  A)  varies,  them  the  variation 


of  Vj  w  ith  pppi  occurs  along  a  constant  77,-17 te  y /  line.  For 

tins  case  (/n//q)rf/,  which  is  a  function  of  e,  remains  constant 
and  the  maximum  value  of  V }  occurs  at  a  value  of  p:,p{ 
equal  to  (p>!p\):tf.  Actually,  however,  as  pJpx  varies,  t ho 

valui*  of  e  chamres  slight lv  and  hence  r}rrjte  74  changes,  with 

J-  0 

the  result  that  the  variation  in  Vj  with  pjpx  does  not  occur 

along  a  constant  PcVi*  rr  lhie.  Also  ( Pit  P\)  ref  is  no  longer 
1 0 

constant  as  p«  p{  varies  and  the  value  of  A'  at  any  given 
p2/pi  must  he  evaluated  usiniz;  the  (pJp i)n/  value  determined 
at  the  given  p2  Pi-  For  this  case  of  varying  e,  the  value  of 
(pjpi)ref  evaluated  at  any  p2/px  is  a  close  approximation  to 
the  pyfpi  giving  maximum  Vj. 

For  a  case  in  which  7jc  varies  with  pJpXy  similar  considera¬ 


tions  apply  as  for  tin'  case  of  e  varying  with  pJ p\. 

As  an  example  of  the  use  of  figures  2,  4,  and  5  (a)  for  a 
rapid  approximate  computation  of  the  thrust  per  unit  mass 
rate  of  air  flow  F/*\f„,  a  case  is  considered  in  which  the 
following  conditions  are  given: 


Exhaust-nozzle  velocity  eootfioient,  Cf.  —  -  -  - -  -  -  -  -  -  —  0.  95 

Compressor  adiabatic  efficiency,  77, - -  - .  -  -  0.  So 

Turbine  total  efficiency,  77 , .  _  ... - -  -  ---------  0.90 

Turbine-inlet  temperature,  7’4,  °R -  ... —  - -  2000 

Ambient-air  temperature,  71,.,  °K - -  -  ------  ;)00 

Airplane  velocity,  Uc,  ft/sec -  -  - .  -  -  733 

Compressor  pressure  ratio,  pjp\  -  -  -  -  -  -  -  4 


From  the  assumption  that  €  is  equal  to  1,  FjMn  is  then 
evaluated  using  those  given  quantities  as  follows: 


U,A'5l9~r0,  ft/sec- _ _ _  747 

Y  (from  fiir.  2) _ _ 0.  0N9 


Ve T/i*  - - - - -  -  -  4.  00 

T°a  /  1  V  o  AS 

w7’Ar-rJ  •  - _ 

(pifpOref  ifrom  fiir.  4) - 25 

1  /X  —  ( p:  p  i )  r,d  ( p;  p\  ) - - - -  -  1-  41 

V.-yyy  Y  y!-’  (from  till,  r,  (a) ) .  fl/scc _  2000 

Vj,  ft  'sec _  2132 

F ,x  (from  equation  (laA),  lb/ (slug/sec) -  1399 

Subsequent  charts  and  discussion  introduce  corrections 
(hat  permit  a  high  degree  of  accuracy  when  desired. 

The  losses  in  kinetic  energy  in  the  turbine  passages  appear 
as  heat  energy  in  the  gas  leaving  the  turbine.  This  energy 


i 

will  bo  termed  ‘‘turbine-loss  reheat. In  the  further  expan¬ 
sion  of  the  gas  in  passing  through  the  exhaust  nozzle,  some 
of  tin'  ( urhiue-Ioss  reheat  is  recovered  as  additional  kinetic 
energy  of  (Ik*  jcU  If,  however,  the  velocity  at  the  turbine 
outlet  is  substantially  equal  to  the  final  jet  velocity,  no 
further  expansion  occurs  and  no  kinetic  energy  is  recovered 
from  tlic  turbine-loss  reheat.  The  curves  of  figure  f>  (a) 
correspond  to  (his  case.  The  ratio  of  the  increase  in  jet 
velocity  to  the  final  jet  velocity  (T,  determined  from 

fig.  ">  (a)),  obtained  when  the  velocity  at  (he  turbine  outlet 
l  a  is  less  than  the  final  jot  velocity,  is  shown  in  figure  5  (b). 
The  curves  presented  in  this  figure  are  based  on  a  value  of 
specific  heat  at  constant  pressure  for  exhaust  gas  equal  to 
N.9  Btti  per  slug  per  °F. 


(b)  Correct  ion  to  jt>L  velocity  due  to  reheat  in  turbine.  {cP,9t  8.9  Btu/(sluR)(°F)) 
FioriiE  f>. — Concluded.  Chart  for  determining  jet  velocity. 


When  CvYrJV}  is  1,  then  for  all  values  of  turbine  total 
efficiency  AVj/Vj  is  0  (fig.  5  (b)).  Also,  AF,/ Vj  approaches 
0  as  turbine  total  efliciency  approaches  1  for  all  values  of 
CvVrJV}  because  turbine-loss  reheat  approaches  0  with  in¬ 
crease  in  turbine  total  efficiency. 

For  a  given  turbine  total  efficiency,  the  smaller  the  value 
of  OvVrJ\rjy  the  greater  is  the  recovery  of  turbine-loss  reheat 
as  is  evident  from  figure  5  (b).  Decrease  in  turbine-outlet 
velocity  \rr>  is  obtained  by  an  increase  in  annular  area  swept 
by  the  turbine  blades.  Blade  stress  is  one  of  the  principal 
limitations  on  blade  height  and  thus  on  blade-annulus  area. 

The  compressor-outlet  total  temperature  T>  plotted 
against  the  factor  7’0(1 +  )"+£)  is  shown  in  figure  6.  This 
curve  includes  tin*  variation  in  specific  heat  of  air  during 
compression  and  was  computed  using  reference  6.  The 
variation  in  specific  heat,  is  accounted  for  in  this  rase,  whereas 
it  is  neglected  in  figure  4  because  the  error  introduced  in  the 
('valuation  of  the  temperature  rise  during  compression  by  the 
assumption  of  a  constant  value  of  specific,  heat  is  much 
greater  than  the  error  introduced  by  the  same  assumption 
in  the  evaluation  of  the  compressor  power. 
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KXAMPIjK  OF  I'SK  OF  ('H  ARTS 

The  use  of  figures  2  to  7  in  ovnluatinsr  performance 
v allies  as  compressor-shalt  horsepower,  tool  consumption, 
jot  velocitv,  thrust  pm*  unit  mass  ratu  ot  air  How.  thrust 
horsepower,  and  specific  fuel  consumption  is  illustrated  m 
the  following  example.  The  method  of  account  inir  |or 
added  fuel  mass  and  turbine-loss  reheat  is  also  shown.  I  he 
example  is  based  on  a  system  havimr  the  following  engine 
and  llight.  operating  conditions: 

1  (’ompressor  adiabatic  efficiency,  tj,-.  . 

n  <)() 

2.  'I'i  i  r  t  >i  nci  total  efficiency,  v  t-  „ 

3.  ( ’ombusi  ion  efficiency,  vh -  «  *  [ 

I,  Fxhausl -nozzle  velocity  coefficient ,  (  U.^.H) 

5.  Airplane  velocity,  1  ft /sec .  ~  _  .  .  .  -  ~33 

i\  ('ompressor  t.oi al-pressure  ratio,  pit]h  -  ■ 

ii  •><)  9 

7.  Ambient-air  pressure,  p,u  in.  Mu:..-  *- 

S.  Ambient-air  temperature,  /n,  w  U -  ^ 

<).  UombusUon-chamber-oullet  total  temperature,  7’,,  °H  ItHiO 

10.  Total-pressure  drop  through  inlet,  duct.  A  pi,  in.  Hr.  -  -  -  -  B.  n 

11.  Total-pressure  drop  through  combustion  chamber,  A/u, 

in.  1  i  iz: _ — . .  •  -  - - - -  _  3 

12.  I.ower  heating  value  of  fuel,  h,  Btu/lb__  -  bS,  o()() 

Determination  of  )  and  flight  Mach  number 

From  items  f>  and  S 

13.  V.v51U/r„,  It /sec -  733 

From  item  13  and  figure  2 

14  y  . . . .  0.  0XG1 

15.  Flight  Mach  number .  . -  - -  0.  (>.)(> 


Determination  of  Z  and  Pc 


2  b/--. _ _ -  - 

From  it  (an  21  and  equation  to) 
25.  HV/.U,,,  flb/hr)/ (slug/sec)  — 


Item  G  read  on  figure  4  determines 

ir  i/Zi  . . _  0.G69 

iD’  1  +  Y . . . . 

From  items  1G,  11,  and  1 

17  z  _ _ _ _  0.  90S 

Fsing  items  17  and  S  in  equation  (3)  gives  the  compressor-shaft 
horsepower  per  unit  mass  rate  of  air  (low 

18.  hp/falug/xwl . . . .  .  3,53 

Determination  of  /  and  II  t/M, , 

From  items  S,  I  t,  and  17 

1!).  7»(I+  Y+Z),  °lt . . . . .  1033 

Using  item  19  and  iigure  G 

20.  r,.,  "ii . . - - -  1023 

From  items  20  and  9 

21.  77- r,,  °f  .  -  .  - - -  935 

From  items  21,  9,  and  figure  7 

22  v  f  _  _ _ _ 0.01372 

Items  22  and  3  give 

23  j  _ _ _ _  . _ _ 0.  01414 

Because  the  lower  heating  value  of  the  fuel  is  equal  to  IS, 500 

Btu  per  pound  (item  12),  item  23  has  to  be  multiplied  by  the 

factor  and  the  adjusted  value  is 


0.  01415 


Determination  of  factor  e 

From  i t  ('ins  7,  10,  and  1  ! 

2f>.  A;i,///)o . -  . - -  - - 0  017 

27.  _  •  - - -  "•  111 

From  figure  2  and  item  13 

/q  +  Ap,f  _ 1.335 

/>*! 

and  using  item  2G  with  item  2X  uives 

29.  ;»,//>„ -  - . . .  ’•  318 

Using  items  29  ami  (i 

30.  ;»,//*, _ _ _ _ _  7-  91 


From  items  2G  and  29 

■m  \»  n  -  0.013 

o  l .  A/),/.,  pi -  ■ 

whereas  from  items  2<  and  30 

32.  A/q/pj.  0.  013 

From  items  11  and  Hi 

33.  V  . .  --------  ■ 

It mns  31  and  33  in  figure  3  (a)  give 

31.  a _  ..  _  -  -  0  005 

l 'sing  items  32  and  315  in  Iigure  3  do  gives 

37).  b _  .  . .  0  003 

When  j ,  |.n is  9,  21,  anil  30  an>  used  in  figure  3  (r) 

mc... ....  0  033 

From  items  3  1.  35,  and  30 

37.  <-  -1  0.005  0.005  -J-  0.035 . .  ...  025 

Determination  of  (pJp\)rCf  and  A" 

Using  items  1,  2,  37,  9,  8,  and  I  I  gives 

38  rl(i-Vr) . . . . do.i 

From  item  38  and  figure  1 

39.  (pj/pt  )  rrf -  -  - - - -  •  /  -  "  •  •  -  '*•  i)0 

From  items  0  39,  and  the  definition  of  parameter  A 

10.  X _ _ _ 1333 

Determination  of  Vh  and  other  performance  param¬ 

eters  when  effects  of  added  fuel  and  of  turbine-loss 
reheat  are  neglected 
Using  items  l,  2,  37,  9,  and  8  gives 

41.  vcVt*  If - 2‘ 

Jo 

From  items  41,  40,  13,  and  figure  5  (a),  the  jet-velocity  factor  is 

42.  c^/ciVr!’ fl/scr- . . . - .  1800 

and  from  items  42,  1,  2,  4,  and  S 

43.  U„  ft /sec . - - - - - - -  2041 

The  net  thrust  per  unit  mass  rate  of  air  flow  is  obtained  from 
items  43,  5,  and  equation  (  la) 

44.  I'lN.u  lb/ (slug/sec) -  -  -  b311 

Th«  thrust  horsepower  per  unit  mass  rate  of  air  flow  is  calculated 
from  items  11,  5,  and  equation  (2) 

45.  thpfM,,,  flip/ (slug/sec) -  •  -  -  —  \7i7 

From  items  25  and  44 

4G.  Wrjb\  (lb/hr)/H>  thrust - - -  ]- 278 

and  from  items  25  and  45 

47.  Wfjthp,  lb/thp-hr _ _  9;)9 

Effect  of  mass  of  added  fuel  and  of  turbine-loss  reheat  on 
Vj  and  F!Ma 

When  more  accurate  results  are  desired,  the  calculations 
are  made  taking  into  account  the  effect  of  the  mass  of  fuel 
introduced  and  the  effect  of  turbine-loss  reheat.  The  effect 
of  the  fuel  on  jet  velocity  is  handled  by  substituting  the 
product  of  t In*  turbine  total  efficiency  t]c  and  U-r./)  for 
the  value  of  rjt,  which  will  now  be  doin'  for  the  case  just 
considered. 

From  items  24  and  38 


■IS.  licit  *  !;{  (  ,  T)  - 


_ 2.39G 


From  figure  4  the  corresponding 

49.  ( p ■  Pi)  rtf - - - -  4-91 

From  items  G  and  49 

50.  A _ _ -  -- -  - -  13{> 

Similarlv  with  the  effect  of  fuel  flow  included,  item  41  becomes 


51.  VcVt  e  rV  - - 

/  0 

so  that  from  items  50,  51,  13,  and  figure  ;>  (a) 

52.  r.yjVcf  V*7V  fl/soc - 

.Again  in  ord(T  to  account  Fir  the  effect  of  fuel  by  an 
adjustment  of  the  rjt  term 
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53.  r,,  ft  st'c  _ _  ■  -t)(>5 

which  liilTci’S  from  item  18  by  1  percent. 

The  (‘fleet  of  turbine-loss  rohi*a  l  may  he  import  a  n  t  when 
rjl  is  considerably  less  (hail  unity  and  t he  velocity  at  tin1 
turbine  outlet  is  appreciably  less  than  the  final  jet  velocity. 
In  the  example  being  discussed,  the  assumption  is  made 
that  the  turbine  is  designed  to  have*  an  outlet  velocity 

,Y{.  r-„fl.scc_  700 

'Then  from  hems  I,  58,  :iml  5  ! 

r>f).  (fivr,  . ..  -  -  -  -  0  30 

From  it  tons  S.  9,  nruf  I  7 

r,r»  r‘  -  _  _  .  _  bio 

)  •  TnZ  -  -  • 

I  Tints  items  2,  55,  and  oh  in  figure  o  <m  ;p\e^ 

57.  AVyVj 

and  from  items  no  ami  f>7 

5S.  At',,  ft /sec.  .  .  ~5 

Usinu  items  f»S  and  55  ipvrs 

59.  ('orrecti'd  1  ,,  fl/s(*c .  ....  -  --  2090 

Tims  in  t His  cnse}  turhine-loss  reheat  provides  an  additional 
1 -percent  increase  in  the  value  of  1  r 

The  thrust;  per  unit  mass  rate  of  air  How  is  obtained  from 
items  59,  5,  and  equation  (lb)  as 

<»().  F!M.„  ll»/(sluK/see)  _  _ _  _  _  1357 

which  is  comparable  with  a  value  of  1311  (item  II)  in 
which  the  elfects  of  fuel  and  reh(»at  were  neglected. 

From  equation  (2)  and  items  00  and  5 

01.  thpIMn,  t hp/(shi£/seei  _  ..  .  .  — .  - - -  -- -  1^08 

and  using  it cmiis  25  and  00  gives 

02.  IJ7/F,  (ll)/hr)/ll)_ .  -  1-  234 

and  items  25  and  01  give 

03.  Wr’thp,  lb/ihp-hr.  .  _  .  -  - ...  0.  920 

TURBOJET-ENGINE  PERFORMANCE 
In  order  to  illustrate  the  performance  and  some  of  the 
eharaet eristics  of  the  turbojet  engine,  several  eases  are  pre¬ 
sented.  First ,  the  characteristics  ot  a  turbojet  system 
operating  with  fixed  component  efficiencies  over  a  range  of 
flight  and  engine  operating  conditions  are  discussed.  I  best* 
characteristics  pertain  to  a  series  of  turbojet  engines  whose 
design-point  conditions  at  any  operating  point  are  equal  to 
the  given  conditions  at  that  operating  point.  Second,  the 
characteristics  of  a  turbojet  engine  with  a  given  set  of 
matched  components  operating  over  a  range  of  flight  and 
engine  operating  conditions  are  discussed.  For  this  ease  a 
method  of  matching  components  and  determining  the  inter¬ 
relation  between  component  characteristics  and  their  effect 
on  over-all  engine  performance,  as  operating  conditions  vary, 
is  presented. 

DESIGN-POINT  ENGINES 

For  the  purpose  of  illustrating  t lie  manner  in  which  th(‘ 
thrust  per  unit  mass  rate  of  air  (low  and  the  specific  fuel 
consumption  are  influenced  by  compressor  pressure  ratio, 
combustion-chambcr-outlet  temperature,  flight  speed,  and 
ambient-air  temperature,  the  following  fixed  parameters  are 


assumed : 

( 'mnpressor  adiabatic  ellieieney,  t?(-  . .  _  0.  S.>  j 

Turbine  total  ellieieney,  17,  — .  -  -  9.90  1 

<  ’ombustion  efficiency,  j),„  .  -  .  .  0.90  [ 

Exhaust -nozzle  velocity  euellieient,  (  ..  --  t).  97 

Lower  heat  inti  value  of  fuel,  h,  Bln  11  w  .  .  —  ■  IN*  MM 

('orrection  factor,  e.  __  —  -  -  —  — —  -  -  •  ■  h  M 


These  compressor  and  turbine  efficiencies  are  not  unrea- 
sonablv  high  when  it  is  considered  that  in  the  definition  of 
these  efficiencies  t lie  compressor  and  the  turbine  are  credited 
with  (In*  kinetic  energy  of  the  gases  at  the  compressor  and 
turbine  outlets,  respectively. 


The  computed  t  urbojet  performance  in  t  his  ill  11st  ralive  case 
includes  the  eli’eel  of  (In*  mass  of  added  fuel. 

The  values  of  component  efficiencies  and  e  for  any  given 
(urbojet  engine  vary  with  altitude  and  flight  speed.  I11  the 
present  computations,  the  component  efficiencies  and  e  were 
assumed  constant  at  tin*  values  listed.  ( ’omputal ions  were 
also  made  for  a  case  in  which  tin*  variation  of  e  with  com¬ 
pressor  pressure  ratio  is  considered. 

The  specific  fuel  consumption  and  the  thrust-  per  unit  mass 
rate  of  air  flow  plotted  against,  the.  compressor  pressure  ratio 
for  various  values  of  combustion-chambcr-outlet  tempera- 
( lire  a  re  shown  in  figure'  S  for  several  comb  inn  t  ions  of  ambient 
temperature  and  airplane  velocity.  A  line  for  compressor 
pressure  ratios  giving  maximum  thrust  per  unit  mass  rate  of 
air  How  (A’-=I)  is  also  included  in  the?  figure.  Figure  N  fa). 


(:i)  r„,  0  feet.  |ht  second;  7o,  It. 

i'lM’KK  N.— Specific  furl  consumption  ;m<l  thrust  per  unit  mass  rati;  of  air  How  for  various 
compressor  pressure  ratios  unit  combustion-chambcr-outlet  temperatures  fur  illustrative 
case,  t rjr ,  ti.s*,:  77 u.'.H);  i) >„  ().!)('»:  (%,  o.U7;  h,  Htu/lb;  €.  UM» 

which  is  for  17  of  0  feet  pers(*cond  and  Y’0  of  5 1 9°  R,  includes 
a  curve  for  i\  of  19(>0°  R  where  the  variation  in  e  with 
Pilp]  is  considered.  For  this  curve,  constant  values  of 
A pti/pi  of  0.03  and  Ap^/p*  of  0.04  wen*  ehos(*n  because  these 
values  give  a  value  of  e  of  1.00  at  a  press un*  ratio  of  about 
5.(j.  At  pressure  ratios  greater  than  5.0,  the  values  of  e 
are  greater  than  1.00.  The  value  of  compressor  pressure 
ratio  for  a  maximum  value  of  Fj \fa  is  greater  for  the  ease 
wlierc*  e  varies  with  pressure  ratio  than  for  the  ease  where  c 
is  assumed  constant,  and  the  peak  value  of  FfMn  for  the  first 
case  is  slightly  greater  than  that  for  the  second  case  (fig.  S  (a)). 
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The  compiTSsoi'  prrssmv  ratio  and  specific  fuel  consump- 
lion  plot  t  rd  airainsl  ilmist  per  unit  mass  rale  ol  air  How  in 
liu-nre  P  is  a  replot  of  litrure  X.  A  scale  ol  tlic  power  specific 
fuel  consumption  in.  pounds  per  thrust  horsepower-lmur  is 
a  d  d  c  c  I  on  figures  X  (b)  and  P  ( I » > ,  which  an*  tor  \  „  ol  7TT  loot 
per  second  and  7\t  of  f>lP°  K.  and  on  liirures  X  (m  and  P  Do, 
which  are  for  1\,  of  7TI  feel  }>cr  second  and  7’.  of  41  2"  R. 

ll  is  illust  rated  in  figures  X  and  P  that  tin*  minimum  specific 
fuel  consumption  occurs  at  a  higher  coni|)ressor  pressure 
ratio  than  maximum  thrust  per  unit  mass  rate  ol  air  flow. 
When  bin'll  thrust  per  unit  mass  rale  ol  air  flow  rather  than 
low  specific  fuel  consumption  is  the  primary  consideration, 
it  is  apparent  from  [inures  X  and  0  that  hinh  rouibuslion- 
chamher-out  let  temporal  ures  should  he  list'd,  lliirh  thrust  is 
the  more  important  consideration  in  lake-oil.  climb,  and 
maximum-speed  opera l  ion. 

The  curves  of  figure  P  show  that  with  no  limitation  on  the 
compressor  pressure  ratio,  as  the  combust  ion-ehamber-out let 
temperature  is  increased  from  tin*  minimum  value  required 
to  produce  a  thrust,  the  thrust  per  unit  mass  rate  of  air  flow 
increases  and  tin*  specific  fuel  consumption  decreases  until 
I  he  temperature  nmn^  minimum  specific  luel  consumption 
is  reached .  Increasing  tin*  temperature  further  results  in 
both  increased  thrust  per  unit  mass  rate  of  air  flow  and 
specific  fuel  consumption.  This  temperature  lor  minimum 
specific  fuel  consumption  is  less  than  141)0°  R  h>r  figure  P  fa). 


'  r ,  k* 


/  A/:.  • . -  -  *  ■  ' 

f  .D  r„.  n  ft'rt  per  smmil:  T .  A I  It. 

[.’ir,ci:i:  p.  •( ’..mpnwor  pressure  mi io  un<l  fm-l  unnsmiip: ion  for  various  thrusts  per 

unit  rule  of  air  Mow  :uul  combust  ion-ehainber-oiitlet  temperatures  for  illu^ti at i\ e  com1. 

'  r}.-,  u.  v,:  rj-.  o.'.lll;  77 j„  u.'JU;  h,  ls.'HK)  Utu  'lh;  e, 
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(b)  Vo,  733  feet  per  second;  To,  519°  R. 
(e)  I'0,  7;i3  feet  per  second;  To,  412°  It, 
Figure  9— Concluded. 


:i l)ou I  2210°  R  for  figure  0  (4>),  ;m<I  1710°  K  for  figure  0  (V), 
indirat i nic  that-  at  some  conditions  (lit*  temperature  for 
mininumi  specific  fuel  consumption  is  less  than  the  tempera¬ 
ture  limit  imposed  by  strength-temperature  characteristics 
of  turbine  materials. 

If  the  available  compressor  pressure  ratio  is  limited,  the 
combust  ion-ehamber-out let  temperature  for  minimum  spe¬ 
cific  luel  consumption  is  sensitive  to  the  other  operating 
conditions.  For  example,  at  a  limiting  compressor  pressure 
ratio  of  4.  minimum  specific  find  consumption  occurs  at  a 
temporal ure  below  the*  lowest  values  shown  in  figure  <s.  If 
the  limiting  compressor  pressure  ratio  is  N,  the  combust iou- 
chamber-outlet  temperature  for  minimum  specific  fuel  con¬ 
sumption  is  just  slightly  less  titan  the  lowest  temperature 
shown  in  figure  <S  fc)  for  an  ambient  temperature  of  412°  R 
but  approaches  an  intermediate  value  of  approximately 
1710°  R  for  an  ambient  temperature  of  AM)0  R  (fig.  s  (!>)). 
Although  not  shown,  the  optimum  combust ion-ehamber- 
outlet  temperature  is  also  sensitive  to  the  efficiencies  of  the 
components  of  the  turbojet  engine. 

In  figure  10  (a),  the  power  specific  fuel  consumption  and 
the  thrust  per  unit  mass  rate  of  air  flow  are  plotted  against 
airplane  velocity  at  ambient  temperatures  of  412°  and  o  1 9°  R 
for  the  following  cases: 

(a)  Compressor  pressure  ratio  chosen  to  give  maximum 

thrust  per  unit  mass  rate  of  air  flow  (A'~!) 

(b)  Compressor  pressure  ratio  chosen  to  give  minimum 

specific  fuel  consumption 


(a)  Power  specific  fuel  consumption  and  thrust  per  unit  mass  rate  of  air  How  at  various 
airplane  velocities. 


Figure  10.— Performance  at  conditions  for  minimum  specific  fuel  consumption  and  for  pres¬ 
sure  ratios  Riving  maximum  thrust  per  unit  mass  rate  of  air  Mow  i  A'=l)  for  illustrative 
case.  ( T\,  1900°  It;  7jfl  0.85;  yt,  0.90;  ijb,  0.90;  C t.  0.97;  A.  18.900  Hui/lb;  e.  1.00J 
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(b)  Compressor  pressure  ratios  and  X  at  various  airplano  velocities. 
Figure  10.— Concluded. 


The  power  specific  fuel  consumption  for  ense  (a)  is  between 
15  and  23  percent  higher  than  for  case  (b)  for  airplane 
velocities  between  300  and  800  feet  per  second ;  the  percentage 
difference  in  power  specific  fuel  consumption  is  greater  at 
the  lower  airplane  velocities  and  at  the  lower  ambient 

temperatures.  . 

The  thrust  per  unit  mass  rate  of  air  flow  is  between  -1 
and  31  percent  higher  for  ease  (a)  than  for  case  (b)  for 
airplane  velocities  between  300  and  SOO  feet  per  second; 
the  greater  percentage  difference  in  thrust  per  unit  mass 
rate  of  air  (low  occurs  at  the  lower  airplane  velocities  and 
the  lower  ambient  temperatures. 

The  compressor  pressure  ratios  and  the  values  of  A  that 
are  associated  with  the  performance  values  given  in  figure 
10  (a)  are  presented  in  figure  10  (b).  The  large  increase  in 
required  pressure  ratio  from  the  condition  of  -Y=  1  to  the 
condition  of  minimum  specific  fuel  consumption  is  noted. 

In  figures  8  to  10,  it  was  assumed  that  the  compressor 
adiabatic  efficiency  remains  constant  at  0.85  regardless  of 
pressure  ratio.  As  the  desired  pressure  ratio  is  increased, 
however,  it  becomes  increasingly  difficult  to  design  a  com¬ 
pressor  to  maintain  a  high  adiabatic  efficiency;  a  reduction 
in  compressor  adiabatic  efficiency  may  therefore  be  expected. 
The  reduction  in  the  obtainable  compressor  adiabatic  effi¬ 
ciency  with  increase  in  pressure  ratio  reduces  the  gains 
derived  from  increase  in  pressure  ratio  and  hence  reduces 
the  value  of  the  optimum  pressure  ratio. 

This  condition,  is  illustrated  in  figure  1 1  in  which  a  turbojet 
en,rine  equipped  with  a  multistage  axial-flow  compressor 
having  a  polvtropic  efficiency  Vr.P  of  0.88  is  considered.  The 
other  parameters  of  the  turbojet  engine'  are  the  same  as  for 
imire  8  (eh  Figure  11  shows  the  over-all  adiabatic  efficiency 
()f  the  compressor,  the  thrust  specific  fuel  consumption  of  the 
eno-ino  and  the  thrust  per  unit  mass  rate  of  air  flow  plotted 
against  pressure  ratio.  The  pressure  ratio  is  increased  by 


adding  stage's  to  the'  e'ennpressor.  Although  the  polytropic 
efficiency  is  hold  constant,  the  over-all  compressor  adiabatic 
e'flicie'iiey  decreases  with  increase  in  pressure  ratio.  At  a 
pressure*  ratio  of  5,  the  compressor  adiahatie  eflioiene'y  is 
0.S5,  the'  value  used  in  the  compulation  for  figure's  S  to  10. 
Tlu*  elasheei  curve's  on  figure  11  are  taken  from  figure*  8  (eh 
Few  tlu*  range'  <>f  combust ion-chamher-out let  temperatures 
'/\  shown,  the  values  of  compressor  pressure  ratios  for  maxi¬ 
mum  F.\f„  and  minimum  \VfjF  are*  lower  tor  the  e'ast'  when 
the'  reduction  in  compressor  adiabatic  cflieione'y  with  in- 
(Teasoel  pressure  ratio  is  consielereel  than  those  tor  tlu*  case 
<>f  constant  compressor  adiabatic  e'flicie'iiey  ol  0.85.  Ibis 
change  in  pressure  ratios  for  maximum  F;M,t  anel  minimum 
\Yf  F  is  more  pronouneeel  at  the  higher  values  of  7’4. 

The  curve's  in  figure  11  pertain  to  the*  incre'ase  in  ])rt'ssure 
ratio  that  is  obtained  by  increasing  the  number  of  stages. 
In  a  turbojet  engine  having  a  given  compressor,  an  increase' 
in  pressure  ratio  is  obtained  by  an  incre'ase  in  rotational 
speeel.  High  rotational  speeds  are  usually  accompanied  by 
a  reduction  in  compressor  adiahatie'  efficiency.  This  case  is 
elise'iisse'd  in  greater  detail  later. 
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Tin'  effect  of  increase  in  pressure  ratio  on  t urbino  efficiency 
is  a  mom  complex  matter  and  is  not  considered  in  detail 
herein.  An  increase  in  the  number  of  turbine  stages  with  a 
constant  pressure  ratio  and  efficiency  per  stage  results  in  an 
increase  in  over-all  turbine  efliciencv.  There4  is  a  tendency, 
however,  to  design  for  increased  pressure'  ratio  per  stage  in 
addition  to  increasing  the  numher  of  stage's  when  increased 
over-all  pressure  ratios  are  desired,  in  order  to  economize 
on  the  size4  and  the*  weight  of  the  turbine'.  Operation  at 
increased  pressure  rat ie>  per  stage'  may  ivsult  in  some  reduc- 
tion  in  turbine  efficiency  per  stage,  which  may  offset  gains 
obtained  from  the'  increaseel  nunibe*!*  of  stage's.  The  net 
(‘Ife'ct  on  the'  over-all  turbine'  efliciencv  depends  on  the 
compre)inis(‘  betwee*n  pre'ssure  ratio  pe*r  stage  and  number 
of  stage's. 

ENGINE  WITH  GIVEN  SET  OF  MATCHED  COMPONENTS 

The  points  on  the'  curves  of  figures  8  to  1 1  relate  to  a  series 
of  turbojet  e'ngines  in  which  the  components  are  changed  to 
provide  the  desired  characteristics  at  each  point,  it  is  of 
some  interest  to  examine  over  a  variety  of  operating  con¬ 
ditions  the  characteristics  of  a  turbojet  engine  having  a 
given  turbine  and  compressor. 

The  performance  characteristics  of  the  engine  depend  on 
the  performance  characteristics  of  the  particular  compressor, 
combustion  chamber,  and  turbine  chosen;  the  essential 
trends,  however,  may  be  demonstrated  by  a  consideration 
of  several  illustrative  cases.  The  characteristics  of  a  typical 
turbine,  centrifugal-flow  compressor,  and  axial-flow  com¬ 
pressor  are  shown  in  figures  12  to  14  followed  by  plots  (figs. 
15  and  lb)  of  the  performance  characteristics  of  two  turbojet 
engines  incorporating  these  components,  the  first  engine 
utilizing  the  centrifugal-flow  compressor  and  the  second 
utilizing  the  axial-flow  compressor.  The  characteristics  of 
the  components  discussed  are  purely  illustrative  and  are 
not  to  he  interpreted  as  indicative  of  the  best  performance 
obtainable.  The  discussion  is  simplified  by  neglecting  the 
mass  of  fuel  in  evaluating  the  turbine  output  and  by  assuming 
the  pressure  drop  through  the  combustion  chamber  propor¬ 
tional  to  the  oombustion-chamber-inlet  pressure.  The 
errors  introduced  by  these  simplifications  are  too  small  to 
influence  the  basic  trends  illustrated.  In  the  computation 
of  the  performance  of  the  turbojet  engines,  the  following 


parameters  are  assumed: 

Combustion  efficiency,  vu -  0.  fib 

Exhaust-nozzle  velocity  coefficient,  Cr -  0.  1)7 

Lower  heating  value  of  fuel,  A,  Btu/lb - - - 18,  1)00 


The  variation  in  €  is  taken  into  account  in  the^e  calculations. 

Turbine  characteristics. — The  performance  characteristics 
of  a  typical  single-stage  turbine  of  low  reaction  are  shown 
in  figure.  12.  The  mass  flow  of  gas  through  the  turbine  is 
presented  in  figure  12  (a)  by  a  plot  of  MgSr04/84  against  pjp-,,, 
at  various  values  of  the  ratio  of  turbine-blade  speed  to  tur¬ 
bine  jet  velocity  v/Vt.  The  turbine  jet  velocity  Vt  is  de¬ 
fined  as  the  theoretical  jet  velocity  developed  by  a  gas  ex¬ 
panding  isentropioallv  through  the  turbine  nozzle  from 
turbine-inlet  total  temperature  and  pressure  to  turbine- 
outlet  static  pressure.  The  values  of  the  upper  abscissa 
VJ^e4  corresponding  to  the  values  of  pjpri.s  are  obtained 
from  the  velocity  equation 


The  values  of  tin*  upper  ordinate  A[gVt/84  are  obtained 
from  the  product  of  Mg\6j84  and  VJ^04.  For  pressure 
ratios  across  the  turbine  greater  than  2.5,  the  value  of 
Afg-yj0j84  is  constant  (that  is.  choking  occurs  at  the  turbine 
nozzle). 

The  turbine  total  efficiency  t\t  is  principally  a  function  of 
the  ratio  of  turbine-blade  speed  to  turbine  jet  velocity  u/Vt 

t  ;//#:,  f Trite 


(a)  Mass-flow  characteristics. 

(b)  Efficiency  characteristics. 

Figure  12.—  Characteristics  of  single-staee  turbine. 
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and  to  a  lesser  extent.  a  function  of  the  pressure  ratio  and  j 
Itevnolds  nuinl)c*r.  The4  relation  between  total  efficiency,  | 
blade-to-jet  spe*cd  ratio,  and  pressure  ratio  is  given  in  fig- 
ure  12  (I)’),  tiie  Reynolds  number  elfeet  being  omit  ted  in  this  j 
analysis.  The  turbine-shaft  efficiency  77,.,.,  also  shown  in  j 

lenire  12  (Id.  is  defined  as  j 

r  dot)  !>,  j 


In  this  definition  the  turbine  is  not  credited  with  tin*  kinetic 
power  corresponding  to  the  average4  axial  velocity  of  tlie  gas 

at  tlit'  turbine  outlet.  In  the  plot  ol  ^y  against  n(\ t  in 
f  igu  re  12  (b),  tin1  (‘(feet  of  p.  1  is  so  slight  that  only  a  sin¬ 

gle  curve  is  shown.  Tin*  1  actors  '  V*  and  u:  \  ,  are  single¬ 
s'  11  \  t 

valued  functions  of  each  other. 

Compressor  characteristics.  In  compressor  practice  it  is 
convenient  to  define  the  slip  factor  Ar  as 


(") 


The  conventional  presentation  of  performance  curves  for  a 
typical  centrifugal-flow  compressor  is  given  in  figure  Id  and 
for  an  axial-llow  compressor  in  figure  14.  The  compressor 
pressure  ratio  pjpu  adiabatic,  efliciencv  17 and  slip  factor 
Kc  are  plot t od  against  mass-flow  factor  for  various 

values  of  tip-speed  factor  f  \0i- 


V, 


\{,  v  U.  0] ,  s:~ijs  fee 


MaVe[j6u  slugs  / sec 


Kir, u ijk  l  1.  ('Ii:ir:«!ii*dstii’s  of  uxi:il-flo\v  cnmiavssnr 

As  the  tip  s|)eed  of  tin4  eentrifugal-flow  compressor  in¬ 
creases  (fig.  Id),  both  tin4  pressure  ratio  and  mass  flow  can  be 
increased,  however,  tin4  compressor  efficiency  decreases.  At  a 
given  tip  speed,  a  reduction  in  mass  flow  by  throttling  llu4 
compressor  outlet  results  in  an  increase  in  pressure  ratio  and 
efficiency  to  peak  values.  Stalling  of  t lie*  compressor  accom¬ 
panied  by  surging  of  tin4  flow  occurs  at.  excessive1  throttling  to 
the  positions  indicated  by  the  surge  line. 

The  characteristic  curve's  for  tin4  axial-flow  compressor 
(fig.  14)  arc  similar  in  trend  to  those  for  the4  centrifugal-flow 
compressor  with  the  exceptions  that  high  efficiencies  can  he 
obtained  at  the  high  tip  speeds;  operation  at  a  given  high  tip 
speed  is  limited  to  a  much  narrower  range4  of  mass  flew;  at  a 
given  tip  speed,  pressure4,  ratio  and  efficiency  decrease4  more 
rapidly  from  the4  optimum  value  with  change4  in  mass  flow; 
and  the4  value4  of  the4  slip  factor  Kr  varies  appreciably  from 
unity. 

The4  axial-flow  compressor  shows  less  loss  in  efficiency  than 
the  centrifugal-flow  compressor  with  ineTC'ase  in  pressure 
ratio  in  the4  range  of  operation  shown.  The  axial-flow  com¬ 
pressor  has  the*  advantage*  over  the4  single-stage4  ce'iitrif ugal- 
flow  compressor  in  that  it  can  be4  eltsigncd  le)  maintain  high 
over-all  efficiency  at  any  desired  pressure4  ratio  hv  providing 
a  sufficient  number  of  high-efficiency  stages.  For  the 
centrifugal-flow  compressor,  an  increase  in  pressure  ratio  is 
obtained  by  an  increase4  in  tip  spe4ed  and  hence  velocities  at 
the4  impeller  exxil,  which  are4  in  the4  transonic  and  supersonic 
ranges,  arc  eventually  involved.  The  problem  arises  of  con- 
verting  efficiently  these4  high  velocities  into  pressure  in  the 
diffuser  section  of  the  compressor. 


Kn;ri{]-:  13.— ClmraciiTislicsof  eentrifucal-llow  coTiipn-ssor. 
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Matching  turbine  and  compressor.  A  compressor  and  a 
turbine  selected  for  the  engine  have  to  be  so  matched  that 
the  mass-llow  factor  of  the  turbine  ,  is  consistent 

with  that  of  lilt'  compressor  M.,\0X  when  the  compressor  is 
operating  at  its  design  point  and  the  engine  is  operating  at 
design  temperatures,  (light  speed,  and  altitude.  The  mass- 
llow  factor  of  the  turbine  being  a  function  of  turbine-nozzle 
area  necessitates  this  area  to  be  adjusted  to  give  the  desired 
turbine  mass-flow  factor. 

Tht*  turbine,  whoso  characteristics  are  presented  in  figure 
12.  is  already  matched  with  both  the  centrifugal-flow  and 
axial-flow  compressors  for  a  design-point  temperature  ratio 
7’}  7’,  of  4.0.  The  sizes  of  the  compressors  were  specially 
chosen  so  that  the  same  turbine  could  be  matched  with  both 
compressors.  The  design  point  of  each  compressor  was 
chosen  at  the  maximum  tip-speed  factor  i  / VA  and  at  a. 
pressure  ratio  permitting  operation  suflieientlv  far  from  the 
surge  line  to  insure  stable  operation  over  a  wide  range  of 
conditions  off  the  design  point.  For  the  centrifugal-flow 
compressor,  the  value  of  tilt*  design  pressure  ratio  is  4.1,  and 
for  tin*  axial-flow  compressor  it  is  4.4. 

The  linos  of  constant  temperature  ratio  7\  1\  for  a  matched 
compressor  and  l  nr  bine  set  are  included  on  tin*  plots  of  figures 
.14  and  14.  These  lines  are  obtained  as  follows:  When  tht* 
difference  between  \In  and  Mf,  is  neglected. 

Pi  pi  A  A  pi 

If  r  represents  the  ratio  of  the  drop  in  combustion-chamber 
total  pressure  to  the  compressor-outlet  total  pressure,  then 
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At  rotor  speeds  of  tlu*  turbojet  engine  when*  choking  of 
tin*  flow  at  t lit*  turbine  nozzle  occurs,  the  value  of  ^fgyfdJ8* 
becomes  constant  (for  example,  in  the  region  of  pressure 
ratios  /;,  />*.,  above  2.5  for  the  turbine  as  shown  in  fig.  12  (a)). 
Wlit'ii  this  constant  value  of  .\f<\04/8A  is  substituted  into 
equation  (S)  and  a  value  is  assumed  for  r,  it  is  possible^ to 
com  putt*  the  value  Ty  1\  for  desired  design  values  of  Mn  yO ,/«, 
and  p-Jpi.  In  the  nonchoking  zone,  the  value  of  MgyOjh.x  is 
not  so  easily  determined  anti  the  more  general  method 
described  in  appendix  ('  h  used. 

Engine  with  centrifugal-flow  compressor.  -In  a  turbojet 
engine,  tlu*  compressor  power  is  equal  to  i lit'  turbine  power; 
hence  from  equations  and  (7) 

KcU-=\ T7,m  (9) 

(The  difference  between  Mn  anti  has  been  neglected.) 
The  factor  B .  which  is  the  ratio  of  the  compressor  tip  speed  U 
to  the  turbine-blade  speed  w.  is  a  constant  for  any  given 


turbojet  engine:  so  equation  (1H  becomes 

Mr-  A(  V)-  (>°) 

Any  value  of  Kr  thus  determines  the  value  of  17,^  y  anti 

Ik'Hcc,  from  figure  12  (b),  th'termint's  the  values  of  u  17  and 
also  determines  the  values  of  17,  and  17,..,  wlit'ii  the  effect  of 
i  pressure  ratio  across  (lit*  turbine*  is  neglected.  A  value*  of  B 
|  equal  to  1.275  was  chosen  for  the*  engine*  with  a  eentrifugal- 
I  (low  compressor.  For  a  compressor  for  which  Kr  is  nearly 
I  constant,  the*  turbine*  operates  at  nearly  constant  blade-to-jct 
!  speed  ratio  and  hence  nearly  constant  turbine*  efficiency  ove*r 
tht*  entire  operating  range  of  tlu*  engine*.  For  example*,  over 
the  operating  range  of  the  eeuitrifugal-flow  compressor  under 
discussion,  tlu*  value*  of  the*  slip  factor  K<:  varies  hetwe*e*n  0.S0 
and  0.05.  Tlu*  corresponding  turbine*  total  e*flieit*neits 
obtained  from  equation  (10)  and  figure*  12  (1>)  are*  shown 
plotted  in  figure*  1.4  for  two  values  of  p.i/p:>,s.  The*  value*  of  tj, 
is  substantially  constant  over  the*  entire*  range*  of  operation, 
as  shown  in  figure*  1 4. 

At  any  give'll  rotative*  spe*e*(l  and  eompresseir-inlct  tempera¬ 
ture  7V  increasing  tlu*  e*oml>usiion-ehambe*r-e>utiet  tempern- 
t lire  rJ\  is  ('((iiivalent  to  throttling  the*  compressor.  This 
increase*  in  T{  cause's  an  increase  in  eoinpre*ssor  prt'ssure  ratio 
anel  adiabatic  efficiency  until  p<*ak  value's  are*  n‘aeln*d.  Fx- 
cessive  combust  ion-chamber-outlct  te'inpcrature  carrie*s  oper¬ 
ation  past  pe*uk  conditions  to  surging. 

Operation  at  any  point  shown  in  figure*  14  at  give*n  flight 
conditions  re(juire*s  a  spe*eific  exhaust-nozzle  urea.  Thus 
e*very  point  in  figure  14  is  a  possible  operating  point  provided 
the  turbojet  engine*  is  equipped  with  a  variable*-are*a  e*xhaust 
nozzle. 

When  the  euigine  is  provided  with  a  fixed-area  exhaust 
nozzle,  then,  for  any  given  flight.  Mach  number,  operation 
at  any  one  tip-speed  factor  is  limited  to  erne  value  of 

For  the  engine  equipped  with  the  components  shown 
in  figures  12  and  14,  an  exhaust-nozzle  area  of  1.42  square 
feet  is  required  for  operation  at  the  design  conditions 
(pJVu  4.1;  r/v^i,  l(»0<)  ft /see;  T,/Tu  4.0;  and  37  0.1). 
Figure  14  shows  the  lines  of  opera  (ion  of  the  engine  equipped 
with  a  fixed-area  exhaust  nozzle*  for  values  of  Tof  0  and  0.1. 
(The  method  used  to  determine  these  lines  is  described  in 
appendix  I).)  In  the  region  of  high  rotative  speeds,  the 
jet  velocity  becomes  supersonic  so  that  the  exhaust  nozzle 
is  choked  and  the  fixed-area  linos  for  the  values  of  Y  merge 
into  a  single  curve.  For  a  fixed-area  exhaust  nozzle  at  any 
given  value  of  Y  and  compressor-inlet  temperature  7\t  any 
change  in  the  combust  ion-chamber-out  let  temperature  1\  is 
accompanied  by  variations  in  and  In  the 

practical  range  of  operation,  an  increase  in  1\  can  only  be 
obtained  by  increasing  tip  speed  and  compressor  pressure 
ratio. 

The  thrust  factor  F/5\,  the  (hrust-per-unit-mass-rate-of-air- 
flow  factor  FL\fn\0i,  and  the  t hrust-speeific-fuel-consiimption 
factor  of  the  turbojet  engine*  plotted  against  mass- 

flow  factor  .\F«\dl/8l  in  figure  15  correspond  to  the  conditions 
shown  in  figure  14  for  values  of  Y  of  0  and  0.1  (that  is.  flight 
Mach  numbers  of  0  and  0.707,  respectively).  The  values  of 
77d|  and  increase  appreciably  with  increase  in 

7V/7V 
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At  the  high  lip  speeds,  F\\ftr\0\  lor  constant  rl\;Tx  decreases 
with  increase  in  ('/  \0\.  This  olleel  is  a  consequence  of  the 
reduction  in  compressor  ellieiency  that  oll'sets  the  effect^  o! 
increased  pressure  ratio  when  (  is  increased.  \  his 

effort  is  more  pronounced  the  lower  the  value  oi  7.j  /,. 
rPhe  thrust  factor,  which  is  the  product  of  F;Afll\Ol  and 
is  largely  inlluenced  hy  the  increase  in  mass-flow 
factor  that  accompanies  the  increase  in  (  \QX.  At  the  higher 
values  of  T,  l\,  the  thrust  factor  continues  to  increase  with 
increasing  l  \0X  \  at  intermediate  values  ol  /.,  /].  the  thrust 
factor  peaks  at  the  higher  F/\0lt  whereas  at  the  lower  values 
of  7',  7 1,  the  thrust  factor  is  decreasing  at  high  values  of 
{  ^  ()[•  Fverv  point  on  figure  In  is  a  possible  operating 

point  if  the  eiurine  is  provided  with  a  variable-area  exhaust 
nozzle.  A  line  of  (ixed-area-exhausi-nozzle  operation  is  also 
shown  in  liirure  1">. 


For  an  engine  with  a  fixed-area.  exhaust  nozzle,  the  specific 
fuel  consumption  over  the  (‘sitin'  operating  range  of  the  engine 
is  shown  by  the  doU(‘d  linos  on  tin*  specilic-fuel-consumption 
plot  in  figure  1  ">.  The  point  of  minimum  ll'/T\^  corre¬ 
sponding  to  any  value  ol  (  /v^i,  7.!/7l,  or  /r/5j,  generally 
do(‘s  not  fall  on  a  lixed-area  line.  The  11  ///■  a  0i  curves 
illustrate  this  statement  for  values  of  T^T{.  Further  verity- 
mu;  this  statement-  for  the  other  (piautities  mentioned  requires 
local isur  lines  ol  constant  l  /\6\  or  7y5 1  osi  the  specific-1  uel- 
eonsumpt ion  curves.  (These  luu'S  were*  omitted  from  the  plot 
for  clarity.)  lit  order  to  obtain  these  points  of  minimum 
specific  fuel  consumption,  a  variable-area  exhaust  nozzle  is 
required. 

A  variable-area  exhaust  nozzle  also  permits  obtaining: 
maximum  Fjh \  when  values  ot  greater  than  4.0  are 

possible  and  the  maximum  rj\Qx  is  limited. 

In  ina n v  cases  lor  a  given  l  l'\0\<  niinininni  U//7 
occurs  at.  an  intermediate  value  of  TJrI\  even  though  r\c.  and 
j)Jp{  hit  less  at  this  intermediate  TJrI\  than  at  a  higher 
TJTX.  This  occurrence  becomes  evident  if  lines  of  constant 


{!U  n 0  dlfcht  Mach  number,  0).  Y> (U  <n*ht  Madl  nunib,T- ,L7<,7)- 

I-nirKK  15. — IVrfornmnce  of  turbojet  engine  with  centnfujrnl-flow  compressor.  (? p„  0.90;  Cf.  0.97;  h,  13.900  IHu/lb) 
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C/yQ !  arc  plotted  on  the  curves  of  figure  In.  The 

occurrence  of  minimum  specific  fuel  consumption  at  an  inter¬ 
mediate  temperature  was  anticipated  from  figures  S  and  9. 
Decreasing  the  turbine-nozzle  area  (which  reduces  the  mass- 
flow  factor)  shifts  all  temperature  lines  (fig.  13)  toward  tin*  j 
surge  line,  and  the  T.J rJ\  value  corresponding  to  any  point 
on  the  compressor  curves  is  reduced.  This  change  in  turbine- 
nozzle  area  enables  an  optimum  \Yfjb\Qx  at  any  l  /yfli  to 
he  obtained  because  operation,  at  the  best  combination  of 
7T| / 1\ ,  Tj r,  and  jh  P\  can  be  realized. 

Changes  in  turbine-nozzle  area  can  also  be  used  to  improve 
the  thrust  factor  at  any  desired  engine  operating  conditions. 

From  the  foregoing  discussion,  it  is  evident  that  in  order 
to  obtain  the  ultimate  in  either  thrust  or  specific  fuel  con¬ 
sumption  from  a  given  engine,  a  variable-area  turbine  nozzle 
as  well  as  a  variable-area  exhaust  nozzle  are  necessary. 

Engine  with  axial-flow  compressor. — Figure  14  shows  the 
performance  characteristics  of  the  axial-flow  compressor 


used  in  the  second  illustrative  turbojet  engine.  At  high  lip 
speeds,  because  operation  at  any  given  t ip  speed  is  limited 
to  a  much  narrower  range  of  mass  flow  for  the  axial-flow 
than  for  the  centrifugal-flow  compressor,  the  turbine-flow 
area  must  he  designed  with  greater  accuracy  for  the  axial- 
flow  than  for  the  centrifugal-flow  compressor  to  obtain  a 
proper  match  of  turbine  and  compressor  characteristics  at 
the  design  point. 

The  variation  of  the  factor  Kr  is  much  greater  for  the 
axial-flow  than  for  the  centrifugal-flow  compressor.  At  the 
high  tip  speeds,  however,  the  variation  in  Kc  for  the  axial- 
flow  compressor  is  sufficiently  limited  in  the  practical  oper¬ 
ating  range  to  provide  nearly  constant  turbine  efficiency. 
The  turbine  total  efficiency  curves  in  figure  14  were  obtained 
from  figure  12  and  equation  (10)  and  pertain  to  a  turbojet 
engine  incorporating  the  turbine  and  the  axial-flow  compres¬ 
sor  characterized  by  the  data  in  figures  12  and  14,  respec¬ 
tively.  A  value  of  B  equal  to  0.97  was  chosen  for  the  engine 
with  an  axial-flow  compressor. 

The  lines  of  constant  77,/ 7\  for  this  engine  were  computed 
in  the  manner  described  in  appendix  C  from  the  data  of 
figures  12  and  14.  The  lines  for  an  illustrative  fixed-area 
exhaust  nozzle  of  1.03  square  feet  are  also  shown. 

The  values  of  F/6h  F/Ma  and  that  are  shown 


Figure  1(1.-- Performance  of  turbojet  engine  with  axial-flow  compressor.  ( ,  0.90;  C»,  0.97;  A,  18,900  Utu/lb) 
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in  |i<rUn‘  ID  for  the  1 11  rbojol  oniriiK'  correspond  to  tin*  data  j 
of  figure  14.  The  minimum  value  of  l lio  sjxmo fic-l ik'I-  j 

ronsunipt  ion  factor  in  figure  Id  (a  )is  obtained  at  a  /.,  7,  value  j 

of  and  in  figure  lb  { b )  at  a  T,1\  value  of  TM  In  both 
oast's,  miiiiinimi  specific  tucl  consumption  occurs  at  the 
highest  tip-speed  factor  shown.  Tho  tart  that  compressor  j 
eflicieney  dot's  not  fall  oil’  with  increase  m  tip  speed  in  the  : 
range  shown  rout  rihutt's  to  t !io  occurrence  of  minimum 
II V/’  \  0\  at  high  ( '  \  0X. 

For  a  turbojet  engine  with  a  fixed-area  exhaust  nozzle 
opera  ling  at  a  constant  flight  Mach  numluT  (constant  value 
of  )’i.  figures  i:;  and  if)  or  11  and  Hi  indicate  that  the  factors 
F  5,.  \FS  7  V  Tu  and  IF, /'\0,  plotted  against 

(  \  ()\  should  rt'sull  in  single  curves  regardless  ol  the  altitude 

of  operation  (that  is,  regardless  of  amhit'ut  pressure  and 
temperature).  These  single  curves  occur  in  practice  lor  all 
factors  except  the  specilic-fuel-constimption  factor.  In  this 
rase,  the  assumptions  of  a  constant  combustion  eflicieney 
and  a  constant  specilic  heat  of  gases  during  comhusiion  for 
a  given  I'JTx  that  are  re(jtiircd  for  such  correlation  are  not 
valid  in  actual  operation. 

The  performance  of  the  two  illustrative  turbojet  engines 
presented  herein  is  not  indicative  of  the  best  performance 
obtainable  with  this  type  of  engine  because  no  attempt  was 
made  to  pick  components  with  optimum  characteristics. 
The  purpose  of  the  discussion  ol  those  ilhislrati\ o  engines  is 
primarily  to  provide  some  insight  into  the  manner  in  wliich 
the  performance  characteristics  ot  the  components  influenced 
t  he  performance  of  t  he  online,  and  some  underst  anding  ol  t  he 
basic  characteristics  and  limitations  of  the  turbojet  online. 

CONCLUSIONS 

For  a  series  of  turbojet  engines  in  which  the  appropriate 


compressor  and  turbine'  are  used  for  given  operating  con¬ 
ditions,  the  following  conclusions  may  be  drawn: 

1.  An  increase  in  combustion-chnmber-oullet  temperature 
causes  an  increase  in  thrust.  An  optimum  temperature 
exists,  however,  at  which  minimum  specific  fuel  consumption 
is  obtained.  This  temperature  for  minimum  specific  fuel 
consumption  is  at  some1  conditions  less  than  the  t  mperature 
limit  imposed  by  strength-temperature  characteristics  of  the 
materials  of  current  turbojet  engines. 

L>.  Maximum  thrust  per  unit  mass  rate  of  air  flow  occurs  at 
a  lower  compressor  pressure  ratio  than  minimum  specific  fuel 
consumpt  ion. 

For  a  turbojet  engine  with  a  given  set  of  matched  com¬ 
ponents.  the  following  conclusions  may  be  drawn: 

1.  The  turbine  eflicieney  remains  substantially  at  the 
design  value  even  when  the  engine  operating  conditions  vary 
appreciably  from  their  design  values. 

2.  At  a  given  flight  speed  and  altitude,  a  fixed-area  exhaust 
nozzle  limits  engine  operation  to  a  fixed  relation  between 
rotative  speed  and  combustion-ehaiuber-outlet  temperature. 

The  use  of  a  variable-area  exhaust  nozzle  permits 
engine  operation  over  a  wide  range  of  engine  rotative  speeds 
for  each  combustion-chamber-outlet  temperature.  The  use 
of  this  type  nozzle,  as  contrasted  with  the  fixed-area  nozzle, 
thus  permits  independent  adjustment  of  the  engine  rotative 
speed  and  the  combustion-chamber-outlet  temperature  to 
obtain  lower  specific  fuel  consumption  over  a  range  of  thrust 
values. 

Aircraft  Knoink  Research  Laroratoky, 

National  Advisory  Committee  for  Aeronautics, 
Cleveland,  Ohio,  June  /,  lO/fti. 
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APPENDIX  A 

EQUATIONS  FOR  PERFORMANCE  CHARTS 

Ill  addition  to  those  symbols  previously  defined,  the  Figure  4: 
following  symbols  are  list'd  in  these  equations: 
cP  average  specific  heat  at  constant  pressure*  of  gases 
during  combustion  process.  Btu  (slug)(°F) 

This  term.  wlit'ii  list'd  with  temperature  change 
during  combustion,  is  used  to  determine  fuel  con-  ,  ^  ~ 

sumption.  '  J 

li a  gas  constant  of  air,  1710  ft-lb/(slug)(°F)  J 

Kg  gas  constant  of  exhaust  gas.  ft-ll>/(shig)(°F)  Figure  f>  (a): 


+,+r) 


Av  factor  defined  as  equal  to  T  -1  orf-V) 

LKlhllh)rrfA 

UAj  ideal  work  for  adiabatic  ])rocess,  ft-lb/slug 

(Tin*  (‘(juation  numbers  correspond  to  those  in  the  deriva¬ 
tion  given  in  appendix  B.) 

Figure  2: 

=TT~--  ,7i  ( vj™y  (Bl4 
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2 JcpmT0  2JcPtao  1 9  0  °\  )  (Bl4)  wjlcre  Av  is  equal  to  (A”) 

,  r  i  /  /-Ta\ Hn-i  Figure  (b): 
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Figure  o  (b): 


Flight  Mach  n«mbcr=^/^_-iTC--fl9  (B72) 

Figure  3  (a): 


Figure  3  (b): 


Figure  3  (c): 
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(B45)  FiS,,re  6: 
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TnZcp.„  1 


IL~c,M+Y+Z) 


(B4G)  The  T.  corresponding  to  the  enthalpy  //>  is  obtained  from 
reference  (i. 


where  values  of  ]Vrh:Rsl\  are  obtained  from  reference  S.  where  c„  is  determined  from  reference  7. 
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APPENDIX  B 

DERIVATION  OF  PERFORMANCE  EQUATIONS  AND  MISCELLANEOUS  EXPRESSIONS 


From  llic  momentum  c‘(|uut ion.  the  not  jot  thrust  "lion  the 
ell'eot  of  mass  of  added  fuel  is  neglected  is 


/<'=.!/„  i  r,-r„) 

and  when  the  mass  of  added  fuel  is  included 

F=.\UV]-V,)+.W*Vi 

The  thrust  horsepower  developed  hy  the  jot  is 

,  FV„ 
thV=  550 

By  definition,  the  turbine  total  efficiency  is 
550  P, 


(.Bin) 


V,=  (\V 


550  l\ 


-  Ma7lt(l+f) 


(B4) 


For  simplification,  l ho  effect  of  added  fuel  is  neglected  by 
i  dropping  the  term  f  in  equation  (B4).  Ihe  efleet  ot  the 
(Bib)  i  I)r(‘S(M1{,e  uf  fuel  on  jet  velocity  \  j  can  be  taken  into  account 
}  !  in  the  subsequent  equations  and  in  the  charts  for  V}  l)y 

using,  for  the  value  of  rjt,  the  product  of  the  turbine  efficiency 
77,  and  (1  ~rf)  inasinucli  as  the  quantities  tjc  and  /  appear 
only  as  the  product  77,(1+/)  in  equation  (B4).  Now 


nr- 


(i  +j).\raJc 


(B2) 


(B3) 


■a  +f)  -H-- 


Tho  >•>*  velocity  (when  the  effect  of  reheat  due  to  turbine 
losses.  h  occurs  in  the  further  expansion  of  the  gases 
from  i  'no-outlet-  static  pressure  to  ambient-air  pressure, 
is  neglect, d)  is  given  hy 

When  quations  (Bo),  (BC),  and  (B7)  are  substituted  into  equation  (B4) 


[■-crF- ti*  * 

and  when  the  last  term  is  expanded  into  a  series 

_  ~9~‘ 

/  A Pi\  T«  ,7*— 

V  pi)  y*  Pi 

for  small SPi-  Because  only  enough  turbine  power  is  removed 
P-2 

to  drive  the  compressor 


(B5) 


(B6) 


P,  =  Pc 


(B7) 


(B8) 


Let 


and 


When  equations  (B9)  and  (BlO)  are  used  in  equation  (B8) 


/•**  [-(#]  K-UC..T,  (»f  (^1)  f  K'-l 


550  Pc 


2  Ma^t 


(B9) 


(BIO) 


(Bll) 
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The  total  temperature  at  the  compressor  inlet  (which  is 
equal  to  the  total  temperature  of  the  inlet  air)  is 

T'=To+i)1^a  (B12) 

The  ideal  stagnation  pressure  />,.<  corresponding  to  this 
total  temperature  is 


Define 


so  that 


and 


(B13) 

o 

l<M 

II 

(B14) 

r^m+Y) 

(B 1 5) 

7* 

ru 

(B16) 

The  compressor-shaft  horsepower  expressed  as  a  function 
of  compressor-inlet  temperature  and  pressure  ratio  is 


so  that  substituting  equations  (Bio)  and  (B17)  into  equa¬ 
tion  (B18)  results  in 


VcZ=(l  +  Y) 

(B191 

or 

Ta 

y. 

Pi  ' 

(  ,  .  VeZ  V«-‘ 

k1+i  +  y) 

/  1  +  Y-^y)cZ\y“-1 

V  H -Y  J 

(B20) 

Now 

V\=Pi.i—±Pi 

(B21) 

so  that 

PA^Pl.i 

_ A.  Pd  }h 

(B22) 

Po  Po 

Pi  Po 

from  w 

hich 

Put 

Pi _ Po _ 

Po  1  +  Ap_tf 

(B23) 

Pi 

When  equation  (BIG)  is  used  in  equation  (B23) 


?i_  (1+rr--1 

Vo  1+Api 
Pi 


(B24) 


7«-l 

AlgJcp  g  T\  /p2\  y»  _ j  (B17) 

oSbrjc  LV^i/ 


where  the  specific  heats  of  air  during  the  compression  process 
are  assumed  constant.  Because  of  this  assumption,  the 
value  of  the  compressor-shaft  horsepower  calculated  from 
equation  (B17)  for  a  given  pressure  ratio,  inlet  temperature, 
and  efficiency  is  slightly  greater  than  the  actual  compressor 
power.  The  deviation  increases  with  increasing  pressure 
ratio  and  inlet  temperature.  For  values  of  Tx  up  to  550°  R 
and  p2/pi  up  to  40,  the  maximum  error  in  compressor  work 
is  about  1  percent. 

Define 


Z— 


.550-Pe 


AladCp 


(B18) 


Equations  (B20)  and  (B24)  arc  combined  so  that 


Therefore 


Expand 


Po 

V2 


i+--~ 
_ Pi 

(l+Y+VcZ)y‘~' 


(i+fY‘ 

\  +  Y+ncZ 


T.-l 

- 1  |  AP« 
V  Ih  )  r «  Pi 


which  is  accurate  for  small  values  of  Ap^/pi. 


(B25) 


(B26) 

(B27) 


When  equations  (B 18) ,  (B25),  (B26),  and  (B27)  are  used  in  equation  (Bll) 


£=V2  Jc 

e  v 


p.a^  0 


i 


K 


-Tt  f  Y+VcZ 


Tr,[ 


1  +  Y 


(±P*\  1 

\  Y a  )  \  Pi  )  1  +  Y+  TJ CZ 


K,  Ta  (7a— l\ 

Z\-K  TA  Ta~) 


Apo 

lh 


L  1  “T  Y  + 


+ 


l  +  Y+VcZ  J 


_Z 

Vi 

(B28) 


The  term  involving  the  product  of  the  pressure-drop  ratios  ~  can  he  neglected,  so  that  equation  (B28)  becomes 


v,_  TfF-r  I jr  T4  Y+r,cZ  ’1\  (y-i\(*Pt\  _ 1 _ T,/7a-l\/AM _ 1 _ Z  g 

cr A  \K  To  WY+^Z~KTq  V  7  a  ){pJl  +  Y+VcZ  K  T0{  7a  J{pJl  +  Y+VcZ  „  (B29) 
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The  factor e  is  defined  by  tin1  equation 

v,_  T  It,  !LfjidL.t-z 

e_  v-J  "  v  a  i+v+vcZ  vt 


from  which 


-^(VXtKrAz)- 


When  equations  (B:S0)  and  (B14)  are  substituted  into 
equation  (Bln) 


FUEL  CONSUMPTION 

Tlu>  expression  for  the  fuel-air-ratio  factor  to  obtain  a  rise 
in  total  temperature  in  the  combustion  chamber  from  T*  to 

T,  is 

(B33) 


where  values  of  c„  are  determined  from  reference  7. 
From  the  conservation  of  energy 

a=//.+£+MOj£, 


7’,  (B35) 

If  equations  (B:ff>),  (B 14),  and  (B  IS)  are  used  in  e<|uation  (B:i4) 
ni=e,.aTn(l+Y-r%)  (B.W) 

Now  T,  is  a  function  only  of  II. 

T-. —4>dh)  =  (t> U‘„.a 7 ,,[  1  -f-  r+Z])  (B37) 

and  the  7’.  corresponding  to  the  enthal]>y  //>  is  obtained 
from  reference  b. 

PRESSURE  RATIO  FOR  OPTIMUM  THRUST  PER  UNIT  MASS  RATE  OF  MR 

FLOW 


F  Tir  r  (n  P'-i  J  .  Fl  (B;t2)  ‘ 

ur A  v  ‘A  7’,, *  1+ »,,cz  N  y(  }  , 


For  a  given  r,„  77(),  774,  rj„  77  „  and  f\.  and  neglect inir  the 
change  in  e  due  to  a  change  in  rjrZ,  the  maximum  thrust  per 
unit  mass  rate  of  air  flow  with  respect  to  compressor  power 
input  (or  pressure  ratio)  is  obtained  from  equation  (B32) 
when 


.._M/*c=o  =  e  I*  -  - . . .  _ 1  -  (B3S) 

d(r}cZ)  Tq  (1+1  -j-rirZ)-  T]C1 it 


(B33)  from  which 


1  +  lr+  (7] cZ)  ref - y/  VcV  It  2t0 


(The  term  (7 uZ)ref  is  used  to  designate  the  value  of  t\cZ  for 
(B34)  which  Fj\fa  as  given  by  equation  (B32)  is  a  maximum.) 
Factor  Av  is  defined  by  the  relation 


where  II2  is  the  enthalpy  of  the  air  corresponding  to  the 
compressor-outlet  total  temperature  7>  in  Btu  per  slug. 

(Zero  enthalpy  is  arbitrarily  fixed  at  absolute  zero  tempera-  j 
ture.)  The  symbol  7/0  is  the  enthalpy  of  air  corresponding  1  cc 
to  the  ambient-air  temperature  770  in  Btu  per  slug  and  is 
given  bv 


1  +  Y+rjeZ  _ 
1  4*  T+  (VcZ)  rr.f 


1  "F  F  -f -7]CZ — ?L\jT}cr](e  ri! 


JET  VELOCITY  ANl>  THRUST  PER  UNIT  MASS  RATE  OF  AIR  FLOW  IN  TERMS  OF  FACTOR  A" 


When  equation  (B41)  is  used  in  equation  (B:)0) 


Vj _  j2Jcv.Ja 

C.  V  VcVl  -I 


7 "VWw  7’o_  1 


Vw  7’„ 


so  that 


FjVuj<  7; = w  7H'v'+4)Vw  1  +  r 


which  when  using  equation  (B14)  can  also  be  written  as 


f  7]f7}  1  319  / 

VjV  (\2  7; 


19  [w  5j-( X'  +  ^y^VcVf  Tn+X_  +°7V  VV 


In  terms  of  A”',  equation  (B32)  becomes 


k\zr '  r;-(A"T.4)Vw  t;+i+ r~ vr 
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EVALUATION  OF  CORRECTION  FACTOR  e 

The  factors  a  and  b  are 


A  pd  /  y„  1  ’ 

*  (i'+Ucz) 

(B45) 

Ih  V  7«  y 

•V;  /7.I—  G 
lh  \  7.1  / 

( B4G) 

and 


When  (‘((nations  (B4d)  and  (B4G)  are  substituted  into 
equation  (Bdl) 

e  =  K—Ka  —  K’b  (B47) 

The  terms  K  and  K'  are  close  to  unity  in  value,  whereas 
the  values  of  a  and  b  are  small  in  comparison  with  unity; 
therefore,  only  a  very  small  error  is  introduced  by  letting 


e  =  K-a-b 

The  quantity  c  is  defined  as 

c=K- 1 

then 

e=  1  — (/  —  6 + c 

Now,  from  equation  (B9)  and  reference  8 

Wth 


K- 


RJ< 


_  Rn 

r  y.-n  It* 

GM-crJ 


(B48) 

(B49) 

(BdO) 

(B51) 


where  the  values  of  1  YthjRx7\  are  obtained  from  reference 
8.  These  values  [correspond  to  the  temperature  7\  and 
pressure  ratio  /o//V  Therefore, 


c= 


BN 

RX 


Rn 


-  —  1“ 

(  Ja  ) 

KgrJ 

\y.-ir 

(Bo  2) 


CORRECTION  FOR  REHEAT  ACCOMPANYING  IRREVERSIBILITY  IN 
TURBINE 

The  actual  jet  velocity  including  reheat  in  the  turbine  is 
given  by  the  equation 


^  IT2—  o /r  Tr 

sy  2  *  5  —  P  K  1  • 

*  r 


(B53) 


The  static  gas  temperature  at  the  turbine  outlet  is  7’, 
From  eijuation  (Bdd)  the  following  (‘((tuition  in  terms  of 
differentials  is  obtained: 


°  r, 

^rdv^2Jcp 


dl\ 


[-(£)“] 
When  c(juation  (Bod)  is  used  in  equation  (Bo4), 


(B54) 


(Bod) 


The  independent  variable  is  7\.st  therefore 

*7\S^<!71, 

For  small  values  of  A7;lfJ 

AVj^dVj 


(B5G) 


If  these  expressions  for  d7\s  and  <IVj  are  used  in  equation 
(Bod), 

T"T'-(r;!;)TT  <B5;> 

The  amount  of  reheat  A77-)>s  is  equal  to 

(B5si 

whereas  the  static  gas  temperature  at  the  turbine  outlet 


T  —  7T  — 

1  J  4 


d  50/>,  f  v 

A7nJcPK  2JcVi j 


(B59) 


In  equations  (B58)  and  (Bd9),  the  effect  of  added  fuel  on 
gas  flow  through  the  turbine  is  neglected  (that  is,  Ma—Mt). 

When  equations  (B7),  (B 1 4),  and  (B 1 8)  are  used  in  equa¬ 
tions  (B58)  and  (B59), 

AT1„-r„z(';*)Q-1)  <m 

r5.a=  Tt- T0Z  (Cpa)- 1%  T0YCpM  (B61) 

\Cp>g/  *  0  Cp.K 

and  when  equations  (BOO)  and  (BGl)  are  substituted  into 
equation  (Bd7), 


V]  -  . . 


V--  c 

p.a  r  ;>  rp  ^  1  p 

I/r  -  . 

P.g  v  o  ''p.g 


Ta—  T0Z  ~ 

(-  D.ir  *  O  <•' 


(B62) 


•jtKm-o 


AF;_ 


_!_Y2r 

iy„  1  v*z 


(B63) 


Vr:V 


Tlie  -y  term  in  the  denominator  is  small  in  comparison 
with  >/y  1  and  can  be  neglected,  resulting  in 

1  q/j  C  p  n 


AV 

V 


7  4 


(B64) 


1 


7 £/j,a 

DERIVATION  OF  MISCELLANEOUS  EXPRESSIONS 


(a)  The  reference  pressure  ratio  {pJpx)rff  corresponding  to 
any  values  of  T  and  of  (rjvZ)rf/  from  (‘((nation  (B20)  is 

/  Pi  \  _  r  i  +  y 71  c^) rf*  n 7  ~ 1 

\P\)  ref  L  i  +  i  J 


(B65) 
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,  .  ..  m,ni  •  <riv(>s  (c)  The  ideal  nun  pressure  ratio  Riven  by  equation  (B13> 

or  substituting  equation  (B39)  in  equation  (ntioj  yus  v  / 

can  be  rewritten  as 


(B66) 

(h)  From  equations  (B40),  (B20).  and  (B<i'>) 

it  is  seen  that 

v.,-1 

Y/=r 

LtpzipjnfJ 

(B67) 

or  defining 

the  factor  A”  as 

1.. 

T„-I 

A  =  (A") 

(B68) 

then 

Y _ Villi'— 

(lhlpl)rcf 

(B69) 

Vo  Vo 


{>+&A,o(W'?)?JI  (B70) 


Flight  Mach  number=  ,1  r  (B71) 

(Bo/)  a  'o'uni 

"V(^S^(r-A/f)  (B72) 

(B68)  or  when  equation  (B14)  is  used  in  equation  (B72), 

(BG9)  Flight  Mach  mimbor=  \/ lB73> 
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APPENDIX  C 


METHOD  FOR  DETERMINING  CONSTANT  TJT{  OPERATING  LINES  OF  MATCHED  SET  OF  TURBOJET  COMPONENTS 


The  procedure  for  plotting  lines  of  constant  T4/Ti  on 
compressor-characteristic  curves,  as  in  figure  13,  for  a  given 
turbojet  engine  is  as  follows: 

Equation  (9)  may  be  written 


1  17  Ta 

2  et  n"  2’, 


(Cl) 


When  TJT{  is  eliminated  between  equations  (8)  and  (Cl), 


Kc 


U 
V*  i 


=  (1  ~r) 


P 2  ^  C  h  t  iVl,3 

Pi  V  2 


(C2) 


The  method  of  using  equation  (C2)  to  obtain  constant 
T4/Tj  lines  is  illustrated  for  the  turbojet  engine  with  a 
centrifugal-flow  compressor. 

1.  A  point  on  figure  13  is  selected  at  a  value  of  Ujy%  and 
of  P2IP1  for  which  the  value  of  TAjT{  is  desired. 

2.  The  corresponding  values  of  Mayid[/8h  Kc,  and  an 
approximate  value  of  77,  are  read  from  figure  13. 

3.  An  approximate  value  of  77 M  from  figure  12  (b)  that 
corresponds  to  the  approximate  value  of  rjt  is  used  to  compute 
an  approximate  value  of  u/Vt  from  equation  (10). 

4.  For  a  given  value  of  r,  the  approximate  value  of 
MgVtj8A  is  computed  from  equation  (C2). 

5.  The  value  of  VJ^64)  corresponding  to  the  values  of 
MgV tl 8 A  and  ujV t  previously  obtained,  and  the  value  of 
MMi*  are  read  from  figure  12  (a). 

0.  From  equation  (8),  TJTi  is  computed.  This  value  is  a 
first  approximation  and  in  most  cases  is  sufficiently  accurate. 

7.  In  order  to  evaluate  a  second  approximation  of  TJTlt 
a  new  value  of  ujVt  is  computed  from  the  identity 

t*_  uNfi  lT_i 

v,  BV,/y6t\  rl\ 


8.  From  figure  12  (b),  a  new  value  of  is  determined 
from  the  new  value  of  ujVt  and  the  value  of  pJpbtS  corre¬ 
sponding  to  the  previous  value  of  V(f  as  determined  in 
step  5. 

9.  Steps  4,  0,  and  G  are  repeated. 

In  order  to  illustrate  this  procedure,  the  temperature  ratio 
corresponding  to  a  point  on  the  eentrifugal-fiow-compressor- 
characteristic  curve  is  evaluated.  For  the  turbojet  engine 
with  a  centrifugal-flow  compressor,  a  compressor-tip-speed  to 
turbine-blade-spced  ratio  B  of  1.275  is  used. 

1.  The  point  at  U/^rd{  of  1600  (ft/sec)  and  ])2/pi  of  4.0  is 
selected. 

2.  Corresponding  to  this  point,  Ma \  is  2.0  (slug/sec), 
Ke  is  0.945,  and  the  approximate  77,  is  0.85. 

3.  The  corresponding  77 tiS  (from  fig.  12  (b))  is  0.80  and  the 
value  of  uf'Vt  evaluated  from  equation  (10)  is  0.51. 

4.  For  a  value  of  r  of  0.05,  the  value  of  is  1295 

((slug)(ft)/sec2),  as  determined  from  equation  (C2). 

5.  Corresponding  to  the  values  of  MtVtj84  and  u/Vtf 
values  of  VJ^QA  of  1295  (ft/sec),  Mg \di/8i  of  1.0  (slug/sec), 
and  pjp6,t  of  2.92  are  obtained  from  figure  12  (a). 

6.  A  value  of  T4/Ti  of  3.61  is  obtained  using  equation  (8). 
This  is  the  first  approximation. 

7.  From  the  identity 

u=_uyeL_  jT\ 

a  value  of  u/Vt  of  0.51  is  obtained. 

8.  At  this  value  of  ujV \  in  figure  12  (b),  values  of  ijt  of 
0.85  and  r)tiS  of  0.80  are  obtained,  which  are  the  same  as  the 
values  determined  in  steps  2  and  3;  therefore  no  further 
approximations  are  necessary. 
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APPENDIX  D 


METHOD  FOR  DETERMINING 


FIXED-EXHAUST-NOZZLE-AREA  OPERATING  LINES  OF  MATCHED  SET  OF  TURBOJET 
COMPONENTS 


Useful  equations  for  determining  the  values  of  several 
parameters  needed  in  this  method  are  as  follows: 


a-'A 


2  Jcp  *519 


.=  v. 


(Dl) 


where 

/>*  total  pressure  at  turbine  outlet,  lb/sq  ft  absolute 

The  mass  flow  through  the  exhaust-nozzle  area  is  expressed 
as 


where 

p5  stagnation  density  at  turbine  outlet,  slug/eu  ft 


Thus 


d/,vO?=  2110 
«,V  519 


Equation  (D2a)  is  used  until  the  critical  pressure  ratio  is 

reached.  The  value  of  —A—  remains  constant  thereafter  as 

p0/Ih  becomes  less  than  the  critical  pressure  ratio.  The 
mass-llow-per-unit-urea  factor  for  critical  flow  is 


/  -- 

M, 2110  /  Tfj_/  2 _ V*-1 

R, V5 19  V  Y«+  1  \7*+  1  / 

From  energy  considerations 


Tk=  7Y 


2t/  c  ^ 


from  which 

. _ /  J  *  V 

04  2t7cPtgO  1 9  y  ^  04/ 


(D2b) 


(D3) 


The  jct-vclocit-y  factor 


JU  L  *+JL 

\#1  d/a\^l  V^l 


which,  when  using  equation  (Bl4)  and  equation  (15),  becomes 


Yl 

V*. 


d/«  A  01 


-f-  \j  c  P'a  5 1 9 


(D4) 


The  procedure  for  determining  the  design-point  exhaust- 
nozzle  area  and  the  locus  of  the  lixed-exhaust-nozzle-area 


curve  is  outlined  in  the  next  section  and  illustrated  for  the 
case  of  a  turbojet  engine  with  a  centrifugal-flow  compressor 
operating  at  a  value  ot  )  of  0.1. 

DETERMINATION  OF  DESIGN  EXHAUST-NOZZLE  AREA 

When  an  engine  is  (‘quipped  with  a  fixed-area  exhaust 
nozzle,  the  size  of  the  nozzle  area  used  is  generally  that 
required  for  engine  operation  at  the  design  point.  This  de¬ 
sign  exhaust-nozzle  area  is  determined  as  follows: 

1.  Values  corresponding  to  the  desired  design  point  for 
lhiPu  rrMn  TJTi,  ifa<e i/a„  Kn  and  an  approximate  value 
of  t u  are  read  from  figure  13,  and  F/A(a\B\  is  read  from 
figure  15  (b). 

2.  The  approximate  value  of  yt,s  from  figure  12  (b)  that 
corresponds  to  the  approximate  value  of  yt  is  used  to  com¬ 
pute  an  approximate  value  of  ujV ,  from  equation  (10). 

ih  For  a  given  value  of  the  ratio  of  combustion-chambei 
pressure  drop  to  combust ion-ehamber-inlet  pressure  r,  the 
approximate  value  of  AlgV 75,  is  computed  from  equation  (C2). 

4.  The  value  of  Vt/\6if  corresponding  to  values  of 
AIMS 4  and  u/U  previously  obtained,  is  read  from  figure  12(a). 

5.  The  value  of  I T/>04  is  used  in  equation  (D3)  to  calcu¬ 
late  Brjd  4. 

(>.  Using  the  values  of  F/M^'O i  and  Y  in  equation  (D4) 

gives  V;/A0,. 

7.  From  the  identity 

V^  Yl  /*«  lr' 

■yje 5  \0[ 


VijyBi  is  calculated.  Using  this  value  in  equation  (Dl)  de¬ 
termines  PolPi- 

8.  Using  the  value  of  p0/p5  in  equation  (D2a)  gives  ‘  '{jf’ 
If  the  value  of  pjps  is  less  than  the  critical  pressure  ratio, 

then  the  same  value  of  ~  \  X  ~  as  oceurs  crif*ca^  Prcs“ 

\f  ’b 

sure  ratio  is  used.  This  critical  value  of  -  [ \  5  is  obtained 
from  equation  (D2b). 

9.  With  a  ram  pressure  loss  assumed,  the  value  of  pjpo  is 
determined  from  the  value  of  Y  and  equation  (Bl6). 

10.  The  value  of  A*  is  then  calculated  from  the  identity 


A„  = 


/A/.vV 
V  5.  , 

u 

'1\  d„ 
T,  et 

(M.iOA 
\  AJk  ) 

/£»> 
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DETERMINATION  OF  FIXED-EXHAUST-NOZZLE- AREA  CURVE 

Once  the  design  area  lms  been  found,  the  operational 
points  of  the  engine  with  the  fixed-exha ust-nozzlc  area 
have  to  be  determined  at  other  rotational  speeds.  At  anv 
given  CZ/yfli.  the  exhaust-nozzle  areas  required  for  several 
operating  points  are  determined  by  the  method  just  outlined. 
The  operating  point  corresponding  to  the  design  A„  at  a 
given  r/^di  is  then  determined  by  interpolation.  This 
process  is  repeated  for  a  sufficient  range  of  values  of  1 7  \  0i 
and  the  line  of  fixed  A„  is  located.  The  difference  between 
\fa  and  Afg  was  neglected  in  this  procedure. 

In  order  to  obtain  the  operating  line  of  fixed  A„  for  another 
flight  speed,  the  procedure  is  repealed  using  the  new  value 
for  F. 

In  order  to  illustrate'  the  method,  the  exhaust-nozzle  area 
for  the  engine  with  a  centrifugal-flow  compressor  is  evaluated 
for  a  design  value  of  F  of  0.1  as  follows: 

1.  From  figure  13,  design-point  conditions  are:  jh/Pi,  4.12; 

T4fTul. 0:  1.96  (slug/scc);  Ke,  0.91;  U/yre 1600 

(ft/sec):  tj (,  0.85;  and  from  figure  15  (b)  the  corresponding 
FjMa\Qx  is  1272  (lb/(slug/sec)). 

2.  Corresponding  to  r\t  of  0.85,  a  value  of  t)ttS  of  0.80  is 
obtained  from  figure  12  (b).  A  value  of  u/Vt  of  0.52  is 
evaluated  from  equation  (10). 

3.  For  a  value  of  r  of  0.05,  the  value  of  ^fl(\ rt/bA  evaluated 
from  equation  (C2)  is  1209  ((slug) (ft) /seer). 

4.  From  figure  12  (a),  corresponding  to  this  value  of 
MgVtl&t ,  the  values  of  VtjyQA  of  1209  (ft/sec)  and  pjpr,,s  of 
2.50  are  obtained.  The  pjp$,s  value  indicates  that  the  flow 
through  the  turbine  is  sonic. 

5.  A  value  of  cP)t  of  8.6  (Btu/(slug) (°F))  is  assumed; 
then  from  equation  (D3),  the  value  of  05/04  of  0.831  is 
obtained. 

6.  Values  of  F/Mny6{  and  Fused  in  equation  (D4)  result 
in  a  value  of  Vj!\d i  of  2025  (ft/see). 

7.  A  value  of  Vj/Cr  \  05  of  1142  (ft/sec)  is  determined 
from  the  values  of  Vj/\6]f  6J8U  and  TJTly  and  a  value  of  CD 
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chosen  as  0.97.  Corresponding  to  this  value  of  I yCr \  0r>. 
the  p:Jp{)  determined  from  equation  (1)1)  is  2.25.  which  is 
greater  than  critical  pressure  ratio  indicating  that  the  flow 
through  the  exhaust  nozzle  is  sonic. 

8.  From  equation  (I)2b)  and  values  of  y  of  1.35  and  Hs 

of  1720  (ft-lb/(sliig) (°F)),  the  critical  M^d^A„o^  of  1.516 
((slng/see)/sq  ft)  is  determined. _ 

9.  Hie  ideal  ram  pressure  ratio  obtained  using  the 

value  of  V  in  equation  (B16).  is  1.396.  With  an  inlet-duct 
pressure  loss  Apjpn  of  0.04  assumed,  then  p\/p0  is  1.356. 

10.  From  the  identity 


a  value  of  An  of  1.42  square  feel  is  obtained. 
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Positive  directions  of  axes  and  angles  (forces  and  moments)  are  shown  by  arrows 


Axis 

Force 
(parallel 
to  axis) 
symbol 

Moment  about  axis 

Angle 

Velocities 

Designation 

Sym¬ 

bol 

Designation 

Sym¬ 

bol 

Positive 

direction 

Designa¬ 

tion 

Sym¬ 

bol 

Linear 
(compo¬ 
nent  along 
axis) 

Angular 

Longitudinal . 

Lateral  . 

Normal. . 

X 

Y 

Z 

X 

Y 

Z 

Rolling _ 

Pitching _ 

Yawing - 

L 

M 

N 

Y - 

Z - >X 

X - >Y 

Roll _ 

Pitch _ 

Yaw  _ 

<t> 

9 

u 

: 

P 

t 

Absolute  coefficients  of  moment 

p  __  L  rt  —  M  q  N__ 

Ct~qbS  Cro~>S  Ln  $bS 

(rolling)  (pitchmg)  (yawing) 


Angle  of  set  of  control  surface  (relative  to  neutral 
position),  5.  (Indicate  surface  by  proper  subscript.) 


4.  PROPELLER  SYMBOLS 


D 

Diameter 

V 

Geometric  pitch 

p/D 

Pitch  ratio 

V' 

Inliow  velocity 

V, 

Slipstream  velocity 

T 

T 

Thrust,  absolute  coefficient  CT~ 

i 

pn2D* 

Q 

Torque,  absolute  coefficient  CQ= 

Q 

~pn2]y> 

P 

a 

V 

n 


Power,  absolute  coefficient  CP — pnzjJb 


Speed-power  coefficient—^ 
Efficiency 

Revolutions  per  second,  rps 


Effective  helix  angle  = 


=  tail 


pi75 

/V 


1  hp  —  76.04  kg-m/s  =  550  ft-lb/sec 
1  metric  horsepower =0.9863  hp 
1  mph  — 0.4470  mps 
1  mps=2.2369  mph 


6.  NUMERICAL  RELATIONS 

1  lb=0.453G  kg 
1  kg  =  2.2046  lb 
1  mi=  1,609.35  m  =  5,280  ft 
1  m=3.2808  ft 


